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ABSTRACT 
Amphiphilic block copolymer self-assembly in aqueous solution have 
been studied by many research groups and new self-assembled morphologies 
have been reported. In addition, self-assembly control in flexible coil-like 
polymers was achieved via blending block copolymers having blocks that can 
interact through non-covalent interactions. However, polymer blends containing 
rigid rod like polymers haven’t been explored. In this study, a rigid conjugated 
polymer polyaniline (PANI) was used to control the self-assembled morphology 
in amphiphilic block copolymers in aqueous solution. The acid-base interaction 
between polyaniline emeraldine base and polyacid blocks was responsible for 
morphology transformation. 
Block copolymers were selected such that PANI can form complex with 
either corona or core forming blocks. Amphiphilic triblock copolymer 
polystyrene-b-polyethylene oxide-b-polystyrene (PS276-PEO136-PS276) was 
synthesized via atom transfer radical polymerization (ATRP) and polystyrene 
blocks were sulfonated. Here, PANI interacts with core forming PS blocks and 
new morphologies such as giant tubular vesicles and toroidal vesicles were 
observed at different PANI contents. The triblock copolymer PS151-PEO136-
PS151 with lower PS content self-assembled into worm like micelles, where, 
morphology-rheology correlation at various composition and pH was studied. 
For systems where PANI interacts with corona forming blocks, diblock 
copolymers with corona forming polyacid blocks were chosen. In polystyrene-
b-polyacrylic acid (PS-b-PAA) and poly(methyl methacrylate)-b-poly(acrylic 
acid) (PMMA-b-PAA) systems, the weak polyelectrolyte PAA interacts with 
PANI through acid base interaction. Large compound vesicles were observed 
from PS-b-PAA/PS-b-PEO/PANI system due to crosslinking or bridging effect 
produced by PANI in the corona of polymer aggregates. In PMMA-b-
PAA/PANI system, multimicellar vesicles were observed for the first time. 
viii 
 
In block copolymer systems involving PANI and weak polyelectrolytes, 
simultaneous aggregation of block copolymers and complexation between PAA 
and PANI complicates the aggregation process. Hence, a two-step water 
addition method was introduced to prepare stable water soluble aggregates. The 
possible mechanism for morphology transformation in block copolymer systems 
involving rigid polymer PANI was explained. In general, water soluble block 
copolymer aggregates of various morphologies containing rigid rod polymer 
PANI was introduced in this study. The fundamental understanding of PANI 
behaviour in aqueous solution may help in developing polymer formulations of 
novel properties.  
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Chapter One 
1 Introduction 
1.1 Thesis objective 
Self-assembled block copolymer aggregates in selective solvents find 
application in areas such as delivery of bioactive agents, diagnostic imaging, 
nanoreactors, catalysis, etc.[1, 2] The multitude of applications demand 
aggregates with various physical and chemical properties such as size, 
dispersity, solubility, stability, aggregate morphology, etc. These bulk properties 
of the aggregates rely on the architecture/chemistry of the polymer chains and 
processing methods. The architecture of block copolymers can be controlled via 
advanced polymer synthetic techniques and post functionalization methods, 
whereas, the processing methods can exhibit thermodynamic and kinetic control 
on aggregation process to form variety of self-assembled morphologies. In 
general, synthesis of tailored polymers and/or blending/complexation 
techniques were used to tune aggregate properties.[3, 4] In this study, 
complexation technique was used to control the aggregate morphology in the 
block copolymer blends in aqueous solution. 
Block copolymer mixtures containing oppositely charged blocks can form 
interpolyelectrolyte complexes (IPECs). Interpolymer complexation and 
morphology in flexible coil-like polymers have been widely studied both in bulk 
and in solution.[5, 6] However, complexation in semi flexible or rigid rod-like 
polymer systems need to be explored. Rigid conjugated polymers may bring the 
inherent properties such as rigidity and electroactivity to produce functional 
nanostructures. Polyaniline (PANI), a rigid conjugated polymer was chosen in 
this work to study its effect on self-assembled morphology of coil-like block 
2 
copolymers. The poor solubility of rigid conjugated polymers due to strong 
intermolecular interactions is a major hurdle during processing. However, block 
copolymers with acidic blocks were used as polyacid dopants to increase 
processability in bulk state.[7] In the same vein, PANI complex aggregates of 
block copolymers with weak and strong polyacid blocks were studied here.  
In this thesis, we report the influence of a rigid homopolymer PANI on 
morphology of self-assembled block copolymer aggregates in aqueous solution. 
Block copolymer/PANI complexes of binary and ternary systems involving 
amphiphilic diblock and triblock copolymers were studied. The electrostatic or 
acid/base interaction between polyacid block of the block copolymers and PANI 
Emeraldine base is responsible for complex formation. The morphology 
transformation in block copolymers were correlated with concentration of PANI 
available for complexation. As PANI is insoluble in water, judicious selection 
of block copolymers’ block composition, PANI content and rate of water 
addition during complex preparation were considered to be important factors in 
preparation of stable aqueous nanostructures. This work demonstrates a 
straightforward approach to obtain novel self-assembled aggregates fURm block 
copolymer complexes.  
1.2 Thesis organization 
Chapter two reviews the self-assembly of block copolymers and complex 
aggregates in bulk and in solution. This review particularly discusses block 
copolymer systems containing PANI as block component. The electrostatic 
interaction between PANI/polyelectrolytes and their self-assembled 
nanostructures were reviewed in detail.  
Chapter three describes synthesis and characterization of PEO macroinitiator 
and PS-b-PEO-b-PS triblock copolymers using ATRP method. Blends of vesicle 
forming PS276-PEO136-PS276 and micelle forming PS151-PEO136-PS151 block 
3 
copolymers were studied. Furthermore, interaction of PANI with PEO blocks of 
block copolymers and their self-assembled morphologies were reported.  
In chapter four, sulphonation of PS-b-PEO-b-PS block copolymer and their 
aggregate morphologies were investigated. Giant tubular vesicles were observed 
for the first time in PSS-b-PEO-b-PSS/PANI complexes and the mechanism of 
morphology evolution were studied.  
Chapter five reports morphology-rheology correlation in PS-b-PEO-b-
PS/PAA/PANI blends at different composition and pH values. The increase in 
solution viscosity with morphology change from spherical micelles to worm like 
micelles was observed. The possible mechanism for morphology change was 
explained.     
Chapter six reports formation of large compound vesicles from PS-b-
PAA/PS-b-PEO/PANI complexes and morphology transformation was studied 
at various PANI contents. Aggregate preparation via onestep and twostep 
water addition methods were introduced particularly for conjugated polymer 
complexes.  
In chapter seven, multimicellar vesicles, a new self-assembled morphology 
was observed from PMMA-b-PAA/PANI complexes in aqueous solution. Acid-
base interaction between PANI and PAA was studied in detail. Morphology 
transformation was studied using AFM, DLS and TEM techniques at various 
PANI contents.  
Chapter eight presents general conclusions about the influence of PANI on 
the morphology of self-assembled block copolymer aggregates in aqueous 
solution and some suggestions for future work.   
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Chapter Two 
2 Literature Review 
2.1 Introduction 
Synthetic polymers offer numerous applications and have become 
fundamental part of daily life.[1-3] By taking advantage of the modern 
polymerization techniques, polymers are tailor made to be used in many 
physical forms such as liquids, dispersions, gels, resins, fibers, powders and 
films etc. In all physical forms, tuning the chemical functionality and 
architecture of the polymer chains will help to fine tune the properties of final 
product in general. Blending strategies have been adopted for very long time to 
produce polymeric materials of choice with wide variety of properties.[4-6] 
After discovery of block copolymers, extreme control over final material 
property was achieved.[7] Using modern polymer synthetic techniques such as 
atom transfer radical polymerization (ATRP), reversible addition 
fragmentation chain transfer (RAFT) polymerization, and nitroxide-mediated 
radical polymerization (NMP), block polymers can be synthesized with 
complex architectures and functionalities.[8-10] 7KHVH OLYLQJ SRO\PHUL]DWLRQ
WHFKQLTXHVSURGXFHSRO\PHUVRIYHU\ORZSRO\GLVSHUVLW\ZLWKIXOOFRQWURORYHU
LWVFRPSRVLWLRQDQGPROHFXODUZHLJKW,QDOOFRQWUROOHGUDGLFDOSRO\PHUL]DWLRQ
WHFKQLTXHV D G\QDPLF HTXOLEULXP LV HVWDEOLVKHGEHWZHHQ DFWLYH DQGGRUPDQW
FKDLQ HQGV $ VXIILFHQWO\ ORZ VWHDG\VWDWH FRQFHQWUDWLRQ RI IUHH UDGLFDOV
PLQLPL]H FKDLQ WHUPLQDWLRQ DQG OHDG WR SRO\PHUV RI ORZ SRO\GLVSHUVLW\By 
combining synthesis of novel block copolymers and blending strategy, real 
control over polymer self-assembly at molecular level can be achieved. In 
block copolymer blending, complexation techniques were used, where block 
copolymers can form complexes via secondary interactions such as 
electrostatic interactions and hydrophobic forces.[11, 12] By tuning the 
interactions between polymers via varying the amount of reactive functional 
groups along the polymer back bone, morphology of self-assembled polymers 
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WKDWGLFWDWHVWKHEXONSURSHUWLHVRIPDWHULDOVFDQEHFRQWUROOHG)XUWKHUPRUH
QDWXUHXVHVWKHVHVHFRQGDU\LQWHUDFWLRQVH[WHQVLYHO\WRFRQWURODOPRVWDOOWKH
IXQFWLRQVIURPFHOOXODUWRPDFURVFRSLFOHYHOLQOLYLQJDQGQRQOLYLQJmaterials.
[13] Understanding the role of these secondary interactions in 
polymeric materials may be the next step towards achieving biomimicry.   
In general, synthetic polymers are macromolecules constructed by 
covalently connecting small structural units, while supramolecular polymers are 
formed through noncovalent interactions, such as hydrogen bonding or 
electrostatic interaction, between polymer chains or small molecules. These 
secondary interactions are used to control polymer self-assembly and provide 
functionality by exploiting their dynamics, which is not possible in covalently 
connected units. Structural control of soft matter at molecular to nanoscale is 
essential in developing functional nanomaterials for applications ranging from 
microelectronics, energy conversion and storage, to biomaterials. As molecular
structure markedly influences the bulk properties of the materials, controlling
them at nanoscale means tailoring fundamental properties where they are 
initiated. Controlling self-assembly of polymers is inspired by the way nature 
forms functional cellular components via supramolecular assembly. Living 
systems use these secondary interactions extensively to build functional 
components such as lipid bilayers, folding of polypeptide chains into proteins, 
folding of nucleic acids into their functional forms and even the association of 
ligands to the receptor is a form of self-assembly driven by noncovalent 
interactions. Lipids and peptides in the natural system are substituted with block 
copolymers – the synthetic counterparts – with various functional groups to 
mimic their self-assembly into intricate patterns. Block copolymers self-
assemble into a variety of nanostructures relying on the competition between 
unfavorable mixing and stretching of dissimilar blocks. Various self-assembled 
structures such as spherical, cylindrical, lamellar, wormlike and other 
nanostructures were developed using block copolymers in recent years.[12]  
Block copolymer/homopolymer complexes have received considerable 
attention in the field of supramolecular self-assembly due to the formation of a 
variety of novel morphologies, hence saving the attempt to synthesize block 
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copolymers to obtain desired morphologies. Most studies on polymer complexes 
have focused on coil/coil types of block-copolymers/homopolymers, where both 
components are made of fully flexible chains.[12] To date, a little work has been 
carried out in complexation of rod/coil type of polymers. Conjugated polymers 
such as polyaniline, polythiophene etc. have rigid backbone due to extended 
conjugation can act as rod like polymer. Especially, polyaniline can form 
complexes with various block copolymers through secondary interactions such 
as hydrogen bonding and electrostatic interaction. This review focuses on self-
assembled systems, where polyaniline is used as one of the components, to form 
a variety of nanostructures. Complexation of polyaniline through various 
specific interactions is also reviewed. This study will help in improving the basic 
understanding of morphology evolution in self-assembled block 
copolymer/conjugated polymer complexes. 
2.2 Block copolymer self-assembly  
Block copolymers comprise two or more dissimilar blocks linked by a 
covalent bond. Block copolymers are known to form a variety of self-assembled 
nanostructures in both bulk and solution. In bulk, individual blocks phase 
separate into nanoscale domains due to chemical disparity among blocks 
through a process called microphase separation. The extent of segregation of 
block copolymers is expressed using ᵪ N, where ᵪ  is the Flory-Huggins interaction 
parameter governed by incompatibility between monomers and N is the degree 
of polymerisation. Depending on copolymer architecture and composition, 
various phases – body centred cubic, hexagonal packed cylinders, gyroid, and 
lamellae – were formed (Figure 2.1). 
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Figure 2.1 Schematic diagram of equilibrium morphologies of A-b-B 
diblock copolymers in bulk.[14]  
In case of solution, various ordered nanostructures like cylinders, 
lamellae, wormlike and spherical micelles/vesicles are observed depending on 
the number of blocks, block length, extent of repulsion between blocks and chain 
flexibility (Figure 2.2). The block copolymers form self-assembled aggregates 
in solution when the concentration of the polymer exceeds the critical micelle 
concentration (cmc). The micellization occurs when the solvent is unfavourable 
to one of the blocks of copolymer. The solvent introduces an extra level of 
complexity in solution state assembly that in bulk state. The morphology of 
nanostructures formed in solution depends on the balance between polymer-
solvent interaction and repulsion between the blocks of copolymer. Materials of 
sizes less than 100nm have received considerable attention among the scientific 
community due to their potential application in electronic, biomedical and 
optical materials.[12] Controlling the shape, size, orientation and periodicity of 
nanostructures is of great importance in current research. Functional materials 
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of high technological importance were developed through directed self-
assembly of block copolymers[15].  
 
 
Figure 2.2 Transmission electron microscope (TEM) images and 
corresponding schematic diagrams of various self-assembled 
morphologies from PS-b-PAA at various block compositions.[16]  
The physical properties of polymers are governed by inter and intra 
molecular interaction between individual polymer chains. These molecular 
interactions are short range forces which hold the polymer chains intact. The 
short range forces include van der Walls force, hydrogen bonding, electrostatic 
interaction, dipole-dipole interaction etc. These secondary forces play a vital 
role in determining higher ordered molecular structures like chain folding and 
helix formation. Especially, hydrogen bonding and van der Waals forces are 
moderate energy forces which give flexibility in complex structure evolution. 
One may think that the structure evolution controlled by these secondary forces 
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is straight forward and simple. However, due to endless possibilities in chemical 
and structural variations – such as copolymerization, degree of polymerization, 
functionalization, tacticity, isomers, branching etc. combined with above 
mentioned secondary forces – make the system extremely complex to control. 
Supramolecular hierarchical nanostructures formed through self-assembly of 
polymers especially through secondary interactions has potential applications in 
developing functional materials that mimic biological systems[17]. 
2.3 Self-assembled morphology in flexible coil-like polymers 
2.3.1 Morphology vs polymer architecture and processing 
Controlling the self-assembly of block copolymers was achieved through 
various physical and chemical methods. The polymer architecture and 
functionality in polymer chains plays vital role determining the equilibrium 
morphologies both in bulk and in solution. Many well-defined nanostructure 
with tunable morphology and size have been observed from self-assembled 
block copolymers.[18] The block copolymers can be synthesized into various 
architectures such as diblock, triblock, multiblock, graft, telechelic and starblock 
copolymers (Figure 2.3) via advanced polymerization techniques. Copolymers 
with different architecture self-assemble into a variety of nanostructures 
depending on the chemical nature of blocks, ratio of different blocks and 
processing methods used. As conventional lithographic techniques (a “top-
down” approach) are expensive in fabricating features less than 45nm in 
dimension, block copolymer self-assembly (a “bottom-up” approach) can be 
used as an alternative. Combination of both “top-down” and “bottom-up” 
approach was also used to take advantage of both methods. For instance, 
patterned substrates with nanoscale features were used as templates to self-
assemble block copolymers without any defects[15]. Simple physical methods 
like, solvent vapor induced morphology transformation was used to control the 
morphology of self-assembled block copolymers without changing their 
chemistry[19].  
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Figure 2.3 Amphiphilic block copolymers of various architectures (a) liner 
triblock/pentablock, (b, d) star blocks, (c) cyclic and H graft
block copolymers.[20]
2.3.2 Morphology vs polymer blending 
Morphology of self-assembled block copolymers can be tuned by simple 
addition or mixing of homopolymers or block copolymers. The interplay 
between microphase separation in block copolymer and macrophase separation 
determines the compatibility in blends. Blending of block copolymers or  block 
copolymer/homopolymer having at least one similar block with similar 
molecular weight have been used for tuning the morphology both in bulk[21] 
and in solution[22]. The added homopolymer/block copolymer can be 
accommodated without macrophase separation only in limited window of 
compositions. The added homopolymers or block copolymers brings 
morphology change via inducing conformational entropy relaxation of block 
copolymer  chains in microdomains[23]. At higher concentrations of the 
additive, the conformational entropic penalty will drive the system towards 
macroscopic phase separation. In case of solution, if the difference in molecular 
weight of corresponding blocks in the blends are large, the additive will be 
expelled from the aggregates. The compatibility between the core forming or 
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hydrophobic blocks determines the fate of aggregates in solution. =KX et al.
have reported multigeometry nanoparticles (Figure 2.4) through blending of 
polyacrylic acid based amphiphilic block copolymers in aqueous solution.[24] 
The choice of block copolymers chosen for blending and control of kinetic 
pathway of assembly was considered important while tuning the morphology of 
aggregates in solution. In terms of kinetic pathway, different solvent mixing 
procedure, rate of solvent addition, temperature, pH and ion concentrating etc. 
have pronounced effect on the final morphology of the aggregates. 
Figure 2.4 Schematic illustration of formation of multigeometry 
nanoparticles fURm blends of block copolymers.[24]
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2.3.3 Morphology vs polymer complexes 
Interpolymer complexes (IPCs) are formed between two or more 
complementary polymers, bound through secondary forces to form new 
materials with distinct properties from the parent polymers. The complexation 
depends on chemical functionality of the polymers involved and processing 
conditions such as temperature, solvent compositions, pH, ionic concentration 
and polymer concentration. Complexation of block copolymers through 
columbic forces (acid/base reaction) and hydrogen bonding (acid/nonionic base 
reaction) were well studied[25]. In bulk state, the morphology of the self-
assembled system depends on the interfacial energy between the blocks and 
chain stretching. The block copolymers self-assemble into micro domains due 
to repulsion between the unfavorable blocks to lower the interfacial energy and 
to reduce overall entropy of the system. Addition of homopolymer or block 
copolymer that has specific interaction with one of the blocks of the block 
copolymer eventually change the interfacial energy between the blocks and lead 
to morphology change.[16] For instance, Guo et al. have studied morphology 
transformation in blends of bOock copolymer/homopolymer[26], block 
copolymer/block copolymer[27] complexes through hydrogen bonding 
interaction. The morphology tuning via simple addition of homo or block 
copolymers appears to be straightforward method rather than synthesizing new 
polymers. Morphology change in copolymer/small molecular systems were also 
reported.[28] Furthermore, block copolymers containing crystalline block 
components were also studied, where, double crystalline block 
copolymer/homopolymer blends forming composition dependent phase 
separated morphology has been observed[29]. 
In solution state, block copolymers assemble into various aggregate 
morphologies in block selective solvents. The interplay between, core chain 
stretching, core-solvent interfacial tension and repulsion among the coronal 
chains.[16] Addition of homopolymer or block copolymer additives that can 
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form complex with either core or corona forming blocks will change the above 
mentioned free energy parameters that controls the morphology of aggregates 
and hence changes final morphology. Studies show that interpolyelectrolyte 
complexes (IPECs) formed between oppositely charged blocks in the corona of 
micellar aggregates can be used to control the size and morphology of the 
aggregates. The complexes involving weak polyelectrolytes are sensitive for pH 
and ionic strength and hence tunable or annealed, however, the strong 
polyelectrolytes involving strong acids/bases are quenched.[12, 30] Figure 2.5 
shows the schematic diagram of interpolyelectrolyte complexes (IPECs) formed 
in polymer blends in solution. 
Figure 2.5 Schematic illustration of different types of self-assembled 
aggregates formed fURm block copolymer IPECs.[12]
In all above instances, coil-coil type of block copolymers were subjected 
for investigation. Coil/coil type block copolymer interactions were well studied, 
while, rod/coil interaction, self-assembling mechanism and physical properties 
of conjugated polymers need to be explored further[31]. In further sections of 
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this review, block copolymer systems containing rigid rod like polymers and 
their self-assembly in bulk and solution were discussed.  
2.4 Rigid rod-like polymers as block components 
Block copolymers with a rod-like component in one of its blocks shows 
different phase behaviour compared to coil-like block copolymers because of 
different molecular packing geometries.[32] Rod-coil polymers such as poly (p-
phenylene vinylene) (PPV), ploy (3-hexylthiopene) (P3HT), polyaniline 
(PANI), poly (hexyl isocyanate) with block counterparts poly styrene (PS), poly 
(methyl methacrylate) (PMMA), polyisoprene (PI), poly (2-vinylpyridine) 
(P2VP), poly (ethylene oxide) (PEO) were synthesized through advanced 
polymerization techniques and extensively studied for their phase 
behaviour[33]. If a block copolymer contains rigid-rod polymer such as PANI 
and PPV as one its blocks, functional nanomaterials with different electrical, 
magnetic, optical properties can be prepared. The conventional coil component 
of block copolymer improves processability and flexibility, while the rigid part 
of the polymer imparts functionality to the polymer system. However, to avoid 
complex synthetic procedures for developing rod-coil block copolymers, 
inherent properties of conjugated polymers – like hydrogen bonding capability 
– can be exploited to develop functional materials. The presence of rod 
component in block copolymers increases the level of complexity during self-
assembly due to its rigid nature and higher intermolecular affinity. PANI was 
chosen in this study and polymer systems containing PANI were discussed in 
remaining of this review.    
2.5 Polyaniline as rigid rod conjugated polymer 
Polyaniline is a conjugated-conducting polymer suitable for a variety of 
applications such as anti-corrosion coatings, electromagnetic shielding, plastic 
circuitry and biosensors due to its ease in synthesis, low cost and environmental 
stability. Polyaniline has poor solubility due to its strong intermolecular 
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hydrogen bonding, and it is highly brittle. The PANI can be made less brittle via 
mixing with a matrix polymer, preparing block copolymers of PANI with 
amorphous polymers and complexation with block copolymers. PANI exists in 
different forms depending on its oxidation states, namely fully oxidized 
pernigraniline, half-oxidized emeraldine base (EB) and fully reduced 
leucoemeraldine base (LB) (Figure 2.6). The basic structure of emeraldine base 
form of PANI has an aniline tetramer with two amine and two imine groups[34]. 
The imine and amine groups are potential complexation sites for hydrogen 
bonding, while imine groups involves in complexation through electrostatic 
interaction. The hydrogen bonding capability of PANI can be utilized to prepare 
polymer complexes with block copolymers or homopolymers, thereby avoiding 
complex synthetic procedures to develop PANI containing block copolymers. 
Complexation between polymers are mainly attained through electrostatic 
interaction[35] and hydrogen bonding interactions[36]. Secondary forces play a 
vital role in both inter and intra chain interaction to attain an equilibrium 
structure. Inter chain interactions i.e. polymer-polymer interactions through 
functional groups leads to the formation of polymer complexes. PANI can form 
polymer complexes with acidic functional groups containing polymers or small 
molecules such as poly (acrylic acid) (PAA), poly (styrene sulphonic acid) (SPS) 
etc. through electrostatic interactions. Whereas, nonionic polymers such as poly 
(vinyl alcohol) (PVA), poly (ethylene oxide) (PEO), poly (acrylamide) (PAM), 
poly (vinylpyrrolidone) (PVP) forms complexes through hydrogen bonding 
interactions. 
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Figure 2.6 Chemical representation of various forms of PANI at different 
oxidation states.[37] 
2.6 Self-assembled rod-coil block copolymers 
Block copolymers with rod like and flexible coil like block components 
were found to self-assemble into highly ordered nanostructures due to 
crystallization of rod components. As highly ordered supramolecular assemblies 
of biopolymers of different modulus in cell cytoskeleton perform specialized 
biological functions, synthetic polymers of high degree of internal order may be 
used to mimic the biological functions.[17] Rod like conjugated polymers 
possesses π-stacking interactions, in addition to hydrogen bonding interaction, 
which gives long range unidirectional molecular ordering. Mushroom like self-
assembly was observed in a triblock copolymer with rod like block component 
crystallizing into ordered supramolecular unit forming mushroom stem[32]. The 
entropic penalty due to molecular aggregation during self-assembly is 
accompanied by entropic loss due to chain stretching in order to accommodate 
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the rod-rod interactions in rod-coil systems. But this entropic loss is reduced 
through finite arrangement of flexible coils at the periphery of supramolecular 
units formed by rod components[38]. The self-assembly in rod-coil block 
copolymers is controlled by Maier-Saupe interaction (μN) in addition to Flory-
Huggins interaction (ᵪN)[39].  
In block copolymer systems containing PANI, nanostructures were 
fabricated via two methods: either self-assembled block copolymers were used 
as templates for in situ synthesis of PANI or through directed self-assembly of 
PANI or aniline oligomers containing block copolymers. 
2.6.1. PANI nanostructures from block copolymer templates 
Aniline polymerization yields PANI aggregates of a variety of 
morphologies depending on reaction conditions. For instance, aniline oxidized 
in solutions with various levels of acidity produced PANI nanostructure of 
variety of morphologies. A solution of strong sulphuric acid gave granular 
PANI, while weak acetic or succinic acid produced PANI nanotubes [40]. 
Aniline oligomers were observed under alkaline conditions (ammonium 
hydroxide), which subsequently associated to form microspheres [41]. However, 
to develop flexible functional polymeric materials with easy processability, one 
requires integrating this rod like polymer PANI with flexible polymers. Self-
assembled block copolymers would serve as templates for in situ PANI 
synthesis. PANI nanostructures were synthesized often using block copolymer 
micelles as templates. 
PANI nanofibers were synthesized in situ using highly porous film as 
templates, formed from self-assembled PS-b-P2VP block polymer[42]. Block 
copolymers containing acidic moieties have been used as templates, to fabricate 
polymer films containing PANI particles. These amphiphilic block copolymers 
self-assembled in aqueous medium has been used as templates. For instance, 
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bOock copolymer of poly (methyl acrylate) and poly (2-acrylamido-2-methyl-1-
propanesulfonic acid) (PMA/PAAMPSA) synthesized via atom transfer radical 
polymerization (ATRP) was used to synthesize PANI particles of different sized 
depending on the length of water soluble block[43]. The hydrogen bonding 
interaction between PANI and various polymers were used to guide the self-
assembly of PANI nanostructures formed. The ethylene oxide groups in poly 
(ethylene oxide)-b-poly (propylene oxide)-b-poly (ethylene oxide) (PEO-b-
PPO-b-PEO) block copolymer can form hydrogen bonding with PANI, which 
acts as structure directors that control self-assembly of PANI. Depending on the 
concentration of aniline monomers and block copolymers, leaf like structures 
and PANI fibers were observed (Figure 2.7)[44]. 
Figure 2.7 Electron micrographs of PANI nanostructures from block 
copolymer guided self-assembly.[44]
2.6.2. Self-assembly of PANI containing block copolymers 
PANI was introduced into block copolymers as oligomers (tetramers or 
pentamers) or PANI itself. Yang et al. synthesized rod-coil-rod triblock 
copolymers with longer aniline segments such as (ANI)98-b-(PEO)136-b-(ANI)98 
and subjected for self-assembly studies[45]. This polymer self-assembled into 
spherical, rod like and fiber like nanostructures depending on the solvent and 
concentration of polymers used. Helical superstructures were also reported by a 
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similar kind of triblock copolymer[46]. Due to lack of control in aniline (ANI) 
repeating units, poor solubility of PANI and lack of purification methods, 
oligomers of aniline were introduced as block components. Amphiphilic block 
copolymers form a variety of self-assembled morphologies in aqueous solutions. 
When rigid aniline oligomers were introduced as one of its blocks, it can form 
rigid core nanostructures with similar electro active properties as that of PANI. 
 An acid responsive vesicle was synthesized from tetraaniline-PEO-
tetraaniline (ABA) triblock copolymer which self-assembles in aqueous 
solution. Morphology transformation was observed with changing the 
concentration of acid[47], makes it acid sensitive. Figure 2.8 shows the acidity-
responsive behaviour of the vesicles. Micellar aggregates were observed with 
similar kind of water soluble triblock copolymer (BAB type), with aniline 
pentamer as the center block and water soluble PEO on its either sides[48]. 
 
Figure 2.8 TEM images of acid responsive behaviour of vesicles 
containing rigid PANI blocks.[47] 
“Hairy rod polymer” was reported using rigid PANI backbone to which 
connected is the phosphoric acid terminated poly ethylene oxide (PEOPA) side 
chains. This water soluble PANI (PEOPA) complex microphase separated in to 
lamellar structures due to strong backbone-side chain repulsion.[49] The same 
system was used to prepare PANI nanowires in aqueous solution of ca. 30nm in 
diameter extending up to few micrometers. It is believed that orientation of 
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nanowires (PANI aggregates) was controlled by well doped PANI (PEOPA) 
complex.[50] Hydrogen bonding capability of PANI was used to construct self-
assembled nanostructures. For instance, a flexible conducting film of block 
copolymer-PANI was developed by casting from acidic solvents. The block 
copolymer contained one block with sulphonic acid groups and another soft 
methacrylate chains. Lamellar morphology was observed, wherein polyaniline 
complexes with sulphonic acid containing block. Morphology transformation 
was attributed to the amount of PANI available for complexation.[51] 
Polymers are used as scaffolds in tissue engineering to grow cells. The 
nature of scaffold profoundly influences the cell growth and orientation. 
Especially in neural tissue engineering, cells must be properly oriented for 
efficient signal transmission. Conducting polymers blended with non-
conducting polymers are used in scaffold fabrication. The conductivity and 
rigidity of conjugated polymer gives directionality for the cells to grow. 
Biodegradable electroactive block copolymers polylactide-b-(ANI)5-b-
polylactide[52] and PEO-b-(ANI)5-b-PEO[48, 53]were prepared by Wei et al. 
and used as scaffolds for neural tissue engineering applications. Figure 2.9 
shows schematics of self-assembled PANI containing block copolymer into 
conductive domains that imparts directional cues for cell growth in addition to 
biodegradability. These polymers were found to form pH responsive aggregates, 
changing their sizes due to change in the redox state of aniline blocks. PANI is 
sensitive to pH due to its reversible protonation and deprotonation ability. 
Morphology transformation from spherical micelles to ring like aggregates were 
observed in diblock copolymer poly (L-lactide)-b-(ANI)4 by changing the redox 
state (LB to EB) of aniline oligomers[54]. This acid responsive and electroactive 
vesicles obtained from self-assembled block copolymers containing aniline 
oligomers or PANI might have potential applications in controlled drug delivery, 
electromagnetic shielding capsules and nanoreactors. 
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Figure 2.9 Schematic representation of assembly of polylactide based block 
copolymer containing rigid PANI blocks.[52]  
2.7 Polymer complexation via acid/base interaction 
Polymer complexes formed through secondary interactions provides the 
advantage in tailoring nanomaterials with novel morphology without 
synthesizing the covalent analogues. The complexation can be tuned by varying 
parameters like polymer concentration, pH, temperature etc. to obtain self-
assembled nanostructures of various morphologies. Among various rigid-rod 
polymers available, polyaniline was chosen in this study due to its capability to 
form complexes with polyelectrolytes and appreciable solubility in common 
laboratory solvents. PANI is a conjugated rigid-rod polymer and a polybase in 
its emeraldine base (EB) form. PANI can form complexes with polyelectrolytes 
and other polymers through hydrogen bonding and electrostatic interaction. 
Block copolymer complexation with PANI can produce a variety of self-
assembled nanostructures due to the highly crystalline nature of PANI. 
Complexation of rod like polymers with block copolymers has the advantage of 
fabricating highly ordered conjugated polymers guided through segregation of 
flexible coil block copolymers. The complexation method utilizes pre 
synthesized PANI, thereby avoiding in situ synthesis and maintaining its 
inherent properties. 
  Polymers containing substantial fraction of acid or base groups are 
termed as polyacids or polybase respectively. These polymers are commonly 
called as polyelectrolytes, which can dissociate in solution, to form charged 
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species. Conjugated polymers, such as polyaniline, polypyrrole and 
polythiopene behave as polycations after protonation. Polyelectrolytes, 
especially polyacids such as polyacrylic acid (PAA) and (sulfonated polystyrene 
(SPS) dissociate in solution to form polyanions. Conjugated polymers and 
polyelectrolytes with opposite charges can form interpolymer complexes via 
electrostatic interactions. The assembly and complexation between various 
block copolymer/homopolymer polyelectrolytes and PANI have been discussed 
in this section.  
2.7.1 Homopolymer/PANI complexes 
Polyacrylic acid is a weak polyelectrolyte which complexes with PANI 
due to both hydrogen bonding and electrostatic interaction[55]. Since PAA is a 
weak polyacid, it exists in protonated form at lower pH and partly dissociated 
form in neutral pH in aqueous medium. Hence, depending on pH of the medium, 
both electrostatic interaction and hydrogen bonding interplays in stabilizing the 
PAA-PANI complex. Due to protonation and deprotonation of polyacids in 
different pH, the steric repulsion between PAA chains contributes to the 
stabilization and destabilization of complexes. PAA homopolymers and rod like 
PANI are expected to form double stranded structures held together by 
secondary bonds as in DNA molecules[55]. The interconnected network 
structures in PAA formed through intermolecular attractions produce three 
dimensional (3D) templates for the growth of PANI in acidic medium. The 
aniline monomers are absorbed on these templates and are polymerised in situ. 
The molecular weight and content of PAA showed pronounced effects on 
polymer films or gels formed with PANI [56, 57]. In composites of 
PANI/PAA/multiwalled carbon nanotube (MWCNT), PANI is protonated by 
the acid groups of PAA and the resulting material is electro active in both neutral 
and higher pH[58]. The partial dissociation of acidic groups of PAA in neutral 
medium helps in stabilizing the complex through electrostatic interaction. 
Various functional materials like, electrochemical sensors, nanoelectrodes, 
24 
 
conducting polymer films were fabricated through oxidative in situ 
polymerization of aniline with the support of PAA homopolymers as 
complexing agents [59-62]. 
Controlling polymer self-assembly in molecular scale has been achieved 
with the help of secondary forces acting between polymer chains. These 
secondary forces are more pronounced in solution and are exploited in 
fabricating functional materials. Electrostatic layer-by-layer (LBL) assembling 
technique provides control over molecular scale assembly of polyanions and 
polycations. Negatively charged polyelectrolytes and PANI are assembled on 
suitable substrates to obtain nanostructured multilayered films. Functional 
multilayers fabrication through electrostatic LBL technique using PAA and SPS 
was demonstrated by Zhichao Hu et al. [63] and M. F. Rubner et al[64]. Helical 
super structures of PANI were synthesized via in situ polymerization on chiral 
molecules such as camphor sulphonic acid (CSA) as templates. PAA was used 
as polyelectrolyte in addition to CSA, to stabilize the chiral PANI through 
complexation after removal of CSA[55].  
 
Figure 2.10 Schematic representation of PANI/PAA multilayer formation 
through electrostatic interaction.[63] 
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2.7.2 Block copolymer/PANI complexes 
Colloidal dispersions of PANI nanoparticles were synthesized in the 
presence of various polymeric stabilizers such as PEO, PVA, PVP etc. by in situ 
oxidative polymerization of aniline [65-67]. Only few reports are describing 
PANI synthesis and self-assembly templated via amphiphilic block copolymers 
micelles such as PS-b-PEO, PMA-b-PAMPSA (poly (methyl acrylate)-b-poly-
(2-acrylamido-2-methyl-1-propanesulfonic acid))[51, 68]. The structure of the 
self-assembled PANI cannot be efficiently controlled by homopolymers, while 
block copolymers can segregate into a variety of self-assembled nanostructures 
guiding the assembly of PANI. Furthermore, PANI polymer films prepared with 
homopolymers may be brittle, but the block copolymer with flexible non PANI 
interacting block can form flexible films. Interconnected or continuous ordered 
domains of PANI are essential for a number of practical applications such as 
conducting polymer films, sensors which entirely depend on conductivity. Such 
continuous order in the nanometer range can be attained by using self-assembled 
block copolymers as templates for guiding the growth of PANI nanostructures. 
Block copolymers with acid pendant groups in one of its blocks can form 
complex through acid-base interaction with imine groups of PANI. The extent 
of complexation purely depends on the nature of acid group and other reaction 
conditions such as temperature, pH etc. For instance, an amphiphilic block 
copolymer (PAMPSA-b-PMA) containing strong acidic sulphonic acid groups 
in one block with another flexible block was used as a template to self-assemble 
PANI[51]. The sulphonic acid groups interact with imine groups of PANI 
through acid-base interaction and forms separate hard domains after casting as 
a film. The physical and chemical properties of film depend on the amount of 
PANI present for complexation. As weak acids form less stable complexes, the 
properties of resultant films will have different properties compared to their 
strong counterparts. Block copolymers without acidic blocks are highly sensitive 
to temperature and pH. Sapurina et al. used PS-b-PEO to prepare block 
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copolymer micelles and utilized as templates for PANI synthesis[69]. At 
reduced temperature and pH, micelles precipitate due to poor solubility of the 
corona forming chains and chain collapse. Polyacids with strong acid groups can 
form complex even in reduced pH (pH ~ 2.5)[64], while, weak polyelectrolytes 
can form PANI complex in neutral pH[55]. Block copolymers containing both 
strong and weak acidic functional groups were studied for complexation with 
PANI. In all cases, block copolymers were used as template for PANI synthesis 
and self-assembly. However, block copolymer self-assembly control in presence 
of PANI is still in primitive stage.  
2.8 Polymer complexation via hydrogen bonding 
Hydrogen bonding provides strong and directional interactions in the 
molecular subunits of polymers to provide highly ordered nanostructures. 
Understanding the rules that govern self-assembly of supramolecules may lead 
to discovery of functional materials. BOock copolymer complexation via 
hydrogen bonding has emerged as the most powerful method of fabrication of 
functional materials in recent years [17]. For instance, coil-coil block copolymer 
self-assembly and their morphology through complexation have been 
extensively studied in solution and bulk[70]. Very few studies have reported 
hydrogen bonding interaction between non acidic block copolymers and rigid 
rod-like conjugated polymers. Rubner et al. demonstrated layer-by-layer 
assembly through hydrogen boding between PANI and a range of hydrogen 
bond forming nonionic polymers such as PVP, PVA, PAM and PEO (Figure 
2.11) [71].  
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Figure 2.11 Chemical structures of polymers used in complexes formed 
via hydrogen bonding interaction. 
The multi layers of PANI complexes were found to be sensitive to pH 
and temperature. The electrostatic interactions weaker than hydrogen bonding is 
less effective in complexation, which is reflected from lower loading density of 
PANI in multilayers formed from weak interacting groups such as PEO. Strong 
hydrogen bonding interactions provide a higher level of mixing in blends of 
PANI with hydrogen bonding polymers such as poly (vinyl pyrrolidone)[71]. 
The strength of hydrogen bonding varies with the interacting functional groups, 
which in turn determines the morphology of nanostructures formed. 
Complexation is affected by molecular weight of the polymer used and pH of 
the reaction medium[72]. However, hydrogen bonded polymer complexes are 
stable to wide pH range due presence of ionisable hydroxyl and carboxylate 
functional groups in polyalcohols and polyacids respectively. PANI self-
assembly can be controlled via complexation with small molecular amphiphiles 
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through hydrogen bonding. Simple mixing of CSA doped PANI with hydroxyl 
resorcinol directed PANI to self-assemble into cylindrical structures. The 
balance between repulsive force in charged species and hydrogen bonding 
stabilizes the nanostructures formed[73]. Further exploring hydrogen bonding 
interactions in polyaniline containing polymer systems may increase our 
understanding of supramolecular assemblies that exists in natural systems.  
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Chapter Three 
3 Synthesis and Mechanistic Insights of 
Macromolecular Assemblies from ABA Triblock 
Copolymer/Polyaniline Blends in Aqueous 
Solution 
3.1 Introduction 
 
Macromolecular assembly of block copolymers into numerous 
nanostructures resembles self-organization of proteins and cellular components 
found in nature. In order to mimic nature’s assemblies either to cure a disease or 
construct functional devices, the organization principles underpinning the 
emergence of complex shapes need to be understood. Block copolymer self-
assembly in solution can be controlled through various factors such as polymer 
architecture, composition, molecular weight, pH of solution, temperature, 
solvent composition etc. However, polymer blending has received considerable 
attention in recent years[1]. Block copolymer blends may contain components 
with either miscible blocks[2] or mutually interacting blocks through non-
covalent interactions[3]. Blending offers the advantage of attaining novel 
morphologies by avoiding complex synthesis procedures to some extent. 
Synthesis of functional nanostructures demands careful selection of blend 
components and understanding the factors affecting microphase separation 
during aggregation. The morphology change can be brought via changing blend 
composition which affects thermodynamic parameters that determines the final 
morphology[4]. 
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=KX et al. [2] studied self-assembly of block copolymer mixtures and
observed multi geometry nanoparticles while blending block copolymers that 
otherwise resulted different morphologies individually. In the same vein, this 
study aimed at understanding morphology evolution in triblock copolymers and 
triblock copolymer/homopolymer blends. An ABA type amphiphilic triblock 
copolymer (polystyrene-b-polyethylene oxide-b-polystyrene, PS-b-PEO-b-PS) 
(SEOS) was synthesized at two different compositions via atom transfer radical 
polymerization (ATRP) and their self-assembly behavior was studied in aqueous 
solution. In addition, a rigid rod-like homopolymer polyaniline (PANI) was used 
to study the effect of a rigid polymer on the self-assembly of block copolymers 
with flexible chains. Binary blends of SEOS151/SEOS276, SEOS151/PANI, 
SEOS276/PANI and ternary blends of SEOS151/SEOS276/PANI were studied at 
various compositions. The synthesis, morphology evolution and interaction in 
these blend were followed using nuclear magnetic resonance (NMR) 
spectroscopy, gel permeation chromatography (GPC), transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), dynamic light 
scattering (DLS) and Fourier transform infrared spectroscopy (FTIR). Various 
morphologies such as cylindrical micelles, vesicles, toroidal micelles, “jellyfish” 
like aggregates, toroidal vesicles, large compound vesicles and large lamellae 
were observed at various compositions. These self-assembled polymers in 
aqueous solution has potential applications in catalysis, nanoreactors, 
colloids/paint and drug delivery applications [5-8]. 
3.2 Experimental section 
3.2.1 Materials 
Polyethylene glycol (PEO) of molecular weight 6000 g mol-1, 2-
bromoisobutyryl bromide (98%), copper bromide (CuBr) (98%), styrene (Sty) 
(99%), N,N,N′,N″,N″-pentamethyldiethylenetriamine (99%) (PMDETA), 
triethylamine (TEA) (99%), 1,4-dioxane (99.8%) and polyaniline (PANI, Mw
5000) were purchased from Sigma-Aldrich Co. TEA was refluxed with p-
toluenesulfonyl chloride, distilled, and stored over CaH2. Dichloromethane was 
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washed with concentrated H2SO4 LQ D VHSDUDWLRQ IXQQHO then washed with 
waterDIWHUUHPRYLQJ+62, DJDLQZDVKHGZLWKaqueous 5% Na2HCO3DIWHU
UHPRYLQJ ZDWHU and ILQDOO\ SXULILHG '&0 stored over magnesium sulfate 
overnight and distilled from CaH2. CuBr purified according to the procedure 
reported earlier[9]. PEO purified through fractional distillation with toluene. 
All other reagents were used without further purification. 
3.2.2 Transmission Electron Microscopy (TEM) 
TEM experiments were performed on a JEOL JEM-2100 transmission
electron microscope operating at an acceleration voltage of 100 KV. Aqueous 
solution of complex aggregates was deposited onto a carbon coated copper EM 
grid, after one minute, excess solution was removed using a piece of filter paper.
Then, copper grids were dried at room temperature and vapor stained with
ruthenium tetroxide for 5 minutes. Finally the grids were dried at least 24 hours 
before TEM examination.
3.2.3 Scanning Electron Microscopy (SEM)
The surface morphologies of aggregates were imaged with a Zeiss Supra 
55 VP field emission gun scanning electron microscope (SEM). The samples 
were coated with a thin conductive carbon layer and imaged under an 
acceleration voltage of 3kV using in-lens detector. 
3.2.4 Dynamic Light Scattering (DLS)
The dynamic light scattering measurements were performed at 25°C using 
Zetasizer Nano ZS apparatus equipped with a He-Ne laser (λ0 = 633 nm). The 
scattering intensity autocorrelation functions from the digital correlator were 
analyzed using Cumulant method to derive hydrodynamic size of complex 
aggregates.
3.2.5 Fourier Transform Infrared (FTIR) Spectroscopy 
The aqueous solution was evaporated, and the samples were dried in a 
vacuum oven at 30°C for 48 hours before FTIR measurements. FTIR analysis 
of the samples was performed with a Bruker Vertex-70 FTIR spectrometer with 
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a Pike ATR high-pressure clamp. An average of 32 scans in the standard 
wavenumber range 600-4000 cm-1 at a resolution of 4 cm-1 was recorded.
3.2.6 Nuclear Magnetic Resonance (NMR) Spectroscopy 
The synthesis of PEO macroinitiator and PS-b-PEO-b-PS based block 
copolymers was followed by proton nuclear magnetic resonance (1H NMR) 
spectroscopy with JEOL EX270 MHz spectrometer, using CDCl3 as the solvent. 
3.2.7 Gel Permeation Chromatography (GPC) 
The molecular weight and molecular weight distribution of the polymer 
samples were measured using Breeze™ 2 HPLC System. THF was used as an 
eluent at a flow rate of 1.0 mL/min at 40ºC.  
3.3 Results and Discussion 
3.3.1 Synthesis of PS-b-PEO-b-PS (SEOS) triblock copolymer 
In a first step, PEO macroinitiator was prepared by esterification of 
hydroxyl terminated PEO with 2-bromoisobutyryl bromide. Typically, a three-
necked round bottom flask was charged with 10 g PEO-6000 (1.6 mmol), 0.84 
g TEA (8.3 mmol), and 75 mL of dichloromethane. After dissolving the 
contents, the flask was fitted with a water-cooled condenser and the reaction 
mixture was degassed under stirring with argon for 30 minutes. 1.9 g (8.3 mmol)
of 2-bromoisobutyryl bromide in 25 mL of dichloromethane was added 
dropwise over one hour at 0ºC under argon. The reaction mixture was then 
allowed to warm up to room temperature (~ 220ºC) and stirring continued for 
another 12 hours. Finally, the reaction mixture was filtered to remove 
triethylammonium bromide, washed with distilled water, aqueous 5% Na2HCO3
thrice, and again with distilled water. The resultant solution was dried over 
magnesium sulfate and filtered. After removing a portion of dichloromethane 
via rotatory evaporation, the concentrated solution was dropped into cold diethyl 
ether. The PEO macroinitiator was filtered, washed with diethyl ether, and dried 
under vacuum until constant mass is reached. 
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In a second step, styrene was polymerized on both the ends of PEO 
macroinitiator to produce an ABA type triblock copolymer using atom transfer 
radical polymerization (ATRP). In a typical reaction, a three-necked round 
bottom flask was charged with PEO macroinitiator 1.9 g (0.3 mmol), CuBr 0.08 
g (0.6 mmol), styrene 20 mL (180 mmol), and 1,4-dioxane 40 mL. The flask was 
fitted with a water-cooled condenser and mixture was degassed via bubbling 
argon for 1 hour. Then, degassed PMDETA 0.25 mL (1.2 mmol) was added 
slowly through a purge syringe, and finally the temperature was increased to 100 
0ºC to start polymerization. At the end of the polymerization, the flask was 
cooled to room temperature and contents were dissolved in dichloromethane. 
The green colored polymer solution was filtered using a neutral alumina column 
to remove copper catalyst. The colorless polymer solution was concentrated 
using a vacuum evaporator, precipitated into ether/hexane (5:1), filtered and 
washed, and dried to constant mass. Finally, the PS-b-PEO-b-PS triblock 
copolymer was dispersed in water and subjected to vigorous stirring for 48 hours 
to remove unreacted PEO and dried. The macroinitiator and triblock copolymers 
were characterized using H1-NMR in CDCl3 solvent. The pure PEO-6000 before 
esterification was shown in Figure 3.1. In PEO macroinitiator, the esterification 
of hydroxyl groups of PEO-6000 was confirmed by the presence of methyl 
proton peak of the substituted PEO at δ 1.92 ppm (signal ‘a1, a2’, Figure 3.2).  
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Figure 3.1 H1-NMR spectrum of PEO-6000 in CDCl3.
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Figure 3.2 H1-NMR spectrum of PEO macroinitiator in CDCl3. 
The composition of the triblock copolymers was determined from the H1-
NMR spectra by comparing the signal intensities of polystyrene phenyl protons 
at δ 6.1-7.2 ppm to that of the PEO ethylene protons at δ 3.4-3.7 ppm (Figure 
3.3 & 3.4). The composition of the triblock copolymers derived from NMR 
spectra can be denoted as PS151-PEO136-PS151 (SEOS151) and PS276-PEO136-PS276
(SEOS276) (subscripts shows the degree of polymerization of corresponding 
monomers).
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Figure 3.3 H1-NMR spectrum of PS151-PEO136-PS151 triblock copolymer 
in CDCl3.
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Figure 3.4 H1-NMR spectrum of PS276-PEO136-PS276 triblock copolymer 
in CDCl3.
The polydispersity index (PDI) of triblock copolymers was determined 
using gel permeation chromatography with THF as mobile phase. The Mn and
PDI of PS151-PEO136-PS151 were found to be 502 g mol-1 and 1.2 respectively 
(Figure 3.5a). The Mn and PDI of PS276-PEO136-PS276 were found to be 746 g 
mol-1 and 1.3 respectively (Figure 3.5b). The modified synthetic procedure from 
Jankova et al.[10] and Beaudoin et al.[11] was used to synthesize Br-PEO-Br 
macroinitiator and PS-b-PEO-b-PS block copolymers respectively. 
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Figure 3.5 The GPC traces of PS151-PEO136-PS151 (a) and PS276-PEO136-
PS276 (b) block copolymers.
3.3.2 Preparation of aggregates 
The block copolymers PS151-PEO136-PS151 (SEOS151) and PS276-PEO136-
PS276 (SEOS276) and PANI were individually dissolved in dimethylformamide 
(DMF) to obtain 0.1 wt % solution and filtered using a 0.45 μm filter. In 
SEOS151/SEOS276 blends, the DMF solutions of SEOS151 and SEOS276 were 
mixed at various molar ratios [S276]/[S151] ranging from 0.2 to 6 and stirred for 
6 hours. Deionized water was added at a rate of 1 wt % per minute until a final 
water content of 30 wt %. Then, aggregate solution was quenched with 3-fold
excess of deionized water to freeze the aggregate morphologies. Finally, 
aggregate solution was dialyzed against deionized water for three days with 
replenishing every 12 hours with fresh water to remove DMF. The resulting 
white cloudy solution was used for further experiments (Figure 3.6c, 3.6d).
While preparing SEOS151/PANI, SEOS276/PANI and SEOS151/SEOS276/PANI
blends, the procedure for preparing aggregates remained the same, except PANI 
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solution was added at various molar ratios of [ANI]/[EO] (aniline/ethylene 
oxide) ranging from 0.1 to 1.0. The equimolar ratio [S276]/[S151]=1 of SEOS151
and SEOS276 block copolymers was used for SEOS151/SEOS276/PANI system 
with varying PANI content. The pale blue cloudy solution from these blends was 
used for further experiments (Figure 3.6e, 3.6f).  
Figure 3.6 Photographs of pure SEOS151 (a) and PANI (b) solution. 
SEOS151 (c) and SEOS151/SEOS276 (d) aggregates. SEOS151/PANI (e) and
SEOS151/SEOS276/PANI (f) aggregates. 
3.3.3 FTIR analysis 
In SEOS151/SEOS276/PANI system, the interaction between PANI and 
PEO block of the block copolymer was studied using FTIR spectroscopy. In 
PANI, the electronic like absorption at 1167 cm-1 is particularly sensitive for 
complexation or secondary interactions. In SEOS/PANI systems, a minor blue 
shift of the electronic like absorptions indicates weak interaction. In addition, 
the absorption bands from 690 cm-1 to 1570 cm-1 shows varying intensity and 
small shift in frequency [12, 13]. The broad absorption peak above 3400 cm-1
shows minor frequency shift indicates possible interation with PANI (Figure 
3.7). The overall minor change in absorption spectrum of SEOS/PANI hints 
possible weak interaction between the ether oxygen atoms of PEO and nitrogen 
atoms of PANI. These weak interactions may help in aggregation of polymer 
chains rather than producing huge change in self-assembled morphology. 
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Figure 3.7 FTIR spectrum of PANI, SEOS and SEOS/PANI blends. 
3.3.4 Morphology evolution in SEOS151/SEOS276 blends 
The ratio of hydrophilic/hydrophobic blocks in amphiphilic block 
copolymers have greater influence on their final morphology. Morphology of 
aggregates changing from spheres to cylinders, to bilayers and compound 
micelles were reported in a block copolymer system with increasing 
hydrophobic block content[14]. Similarly, two ABA type triblock copolymers 
containing different lengths of hydrophobic blocks are used in this study. These 
block copolymers form distinct morphologies on their own are blended together 
at various compositions and studied for morphology evolution. The morphology 
transformation of the aggregates were studied using TEM. 
        Various morphologies are observed in this study of blends of SEOS151 and 
SEOS276 block copolymers. The Figure 3.8 shows TEM images along with 
schematic representation for each of the morphologies. Worm-like cylindrical 
micelles were observed for SEOS151 block copolymer, where hydrophobic 
polystyrene blocks forms the core with water soluble PEO chains forming 
corona. 
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Figure 3.8 TEM imageV and corresponding schematic diagramV
of cylindrical micelles (a) and spherical vesicles (b) formed from 
self-assembly of SEOS151 and SEOS276 respectively in water.
These cylindrical micelles usually coexist with aggregates of other 
morphologies[14]. Spherical micelles were observed to coexist with cylindrical 
micelles for this particular block composition can be observer in TEM image 
(Figure 3.8a). Two distinct peaks around 50 nm and 349 nm were observed in
DLS measurement (Figure 3.9) shows the presence of two different populations
in solution. Still at higher PS content in SEOS276, spherical vesicles were 
observed as shown in Figure 3.8b. The hydrophobic PS blocks are expected to
form vesicle walls (observed as dark rings) with PEO chains covering on the
either side of the wall. The average size of the vesicles were measured to be 209
nm as shown in Figure 3.9. 
PS276-PEO136-PS276PS151-PEO136-PS151
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Figure 3.9 The hydrodynamic diameter and size distribution of SEOS151
and SEOS276 aggregates at 25°C in water.
The cylindrical micelles were transformed into toroidal micelles upon 
addition of SEOS276 to SEOS151 at concentration [S276]/[S151] = 0.2 (Figure 
3.10a). The formation of toroidal micelles fURm cylinders have to overcome the 
penalty associated with fusion of two energetically unfavorable end caps and 
chain packing frustration on the toroidal interior associated with toroidal 
geometry[15]. Here, addition of a vesicle forming block copolymer to a cylinder 
forming block copolymer may resulted in internal segregation of block 
copolymers. The SEOS276 block copolymer with longer hydrophobic PS chains 
have low chain stretching during aggregation favors free energy minimization. 
Hence, these block copolymer may be segregated in the toroidal exterior and 
reduced the bending modulus, this favors end cap elimination in cylindrical 
micelles due to elimination of bending penalty. The hydrodynamic diameter 
from DLS measurement shows 378 nm (Figure 3.10b). The broad DLS peak for 
cylindrical micelles give the average diameter that corresponds to the sphere that 
has same average translational diffusion coefficient produced by cylinders.  
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Figure 3. (a) TEM image showing toroidal micelles along with (b) 
hydrodynamic diameter Dh at [S276]/[S151]=0.2 in water. 
Figure 3.11a shows the TEM image of “jellyfish” like aggregates at 
[S276]/[S151] = 0.7. The vesicle forming block copolymer starts forming bilayers 
at this concentration. Cylindrical micelles undergoes partial coalescence to form 
nascent bilayers can be observed in TEM image. Additionally, bilayer structures 
with radiating cylinders can be observed. These structures are assumed to be the 
intermediate morphologies formed by partial wrap up of bilayers towards 
formation of complete vesicles. Due to the difference in molecular weight of 
hydrophobic PS blocks, intra-micellar chain segregation may be the reason for 
these mixed structures[16]. The Dh of these aggregates was 672 nm (Figure 
3.11b).   
Figure 3.1 (a) TEM image showing “jellyfish” structures along with (b) 
hydrodynamic diameter Dh at [S276]/[S151]=0.7 in water.
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Further increasing SEOS276 concentration to [S276]/[S151] = 1, toroidal 
vesicles were formed as shown in Figure 3.12a. The bilayers may be fully 
wrapped to form vesicles, but due to segregation of lower molecular weight 
SEOS151 block copolymer lead to toroidal structure. The block copolymer 
SEOS276 has lower curvature effect due to its high molecular weight is supposed 
to segregate into the periphery of the toroids. 
Figure 3.2 (a) TEM image showing toroidal vesicles along with (b)
hydrodynamic diameter Dh at [S276]/[S151]=1.0 in water. 
In some cases, these toroidal vesicles fuse together to form aggregates with 
porous surfaces as shown Figure 3.13a for [S276]/[S151] = 3. It has been 
previously reported that branched worms flatten and wrap up to form perforated 
vesicles[17]. The wrapped perforated bilayers in these aggregates appear as 
interconnected network like structures. The lower molecular weight SEOS151
block copolymer may be segregated to form rim of the pores possibly due to 
higher curvature effect. The increase in Dh of aggregates fURm 480 nm (Figure
3.12b) to 1511 nm (Figure 3.13b) upon increasing [S276]/[S151] from 1.0 to 3.0 
shows formation of macroscopic aggregates as evidenced from TEM images. 
These large compound vesicles were the dominant morphology across the wide 
composition range [S276]/[S151] fURm 2.0 to 5.0.
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Figure 3. (a) TEM image showing large compound vesicles along with
(b) hydrodynamic diameter Dh at [S276]/[S151]=3.0 in water. 
Further at higher concentration [S276]/[S151] = 6.0, a mixture of spherical 
vesicles, cylindrical micelles and bilayers were observed as shown in TEM 
image (Figure 3.14). Large bilayers were the dominant morphology at this 
concentration, however the native morphologies of block copolymers were 
observed. The lower molecular weight SEOS151 block copolymer may be 
expelled from bilayers to form cylindrical micelles. The DLS measurement 
resulted in very broad multiple peaks as expected for a polydisperse solution. 
Further increasing the concentration of SEOS276 beyond [S276]/[S151] = 6.0 
resulted in formation of vesicles which is the characteristic morphology of pure 
SEOS276 block copolymer. 
Figure 3. (a) TEM image showing large bilayers at [S276]/[S151]=6.0 in
water. 
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3.3.5 Morphology evolution in SEOS151/SEOS276/PANI blends. 
The morphology transformation observed in the blends of 
SEOS151/SEOS276 triblock copolymers are due to the complete miscibility 
between hydrophobic PS blocks in spite of their difference in molecular weight. 
The molecular weight difference was within the threshold which prevented 
expulsion of low molecular weight chains from self-assembled higher molecular 
weight PS chains while attaining lower free energy [18]. The hydrophilic PEO 
blocks with same molecular weight in both the block copolymers should have 
further enhanced their miscibility. As this study aims to study the effect of rigid 
rod-like homopolymer PANI on the self-assembly of block copolymers in 
aqueous solution, PANI was introduced at different concentrations into these 
blends. Various studies have pointed out that, significant interaction has been 
observed between PANI and PEO via secondary interactions in bulk state [19, 
20]. However, solution state blends of PEO/PANI haven’t been reported in the 
absence of PANI acidic dopants such as weak acrylic acid[21] or strong 
sulphonic acids[22]. In this section, the effect of PANI on the self-assembly of 
SEOS151, SEOS276 and SEOS151/SEOS276 blends in aqueous solution were 
discussed. The aggregates was prepared at various compositions and their 
morphology transformation were studied using DLS and TEM. 
The SEOS151 and SEOS276 block copolymers self-assembled into 
cylindrical micelles and spherical vesicles respectively as show in Figure 3.8.
To study the effect of PANI on their self-assembly, PANI was added to block 
copolymer solutions at various molar ratios of [ANI]/[EO] ranging from 0.1 to 
1.0. The procedure for preparing the aggregates remained the same, except 
adding required amount of PANI solution to the initial DMF block copolymer 
solutions. The pure block copolymer aggregates resulted in a white cloudy 
solution, while PANI containing DMF solutions turned from transparent deep 
blue colour to cloudy pale blue colour. After dialysis of the aggregates in 
deionized water, the aggregates from pure SEOS151 and SEOS276 block 
copolymers still remain stable even after two years. However, the PANI 
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containing aggregates were stable only for a few months in general and further 
it depends on the amount of PANI present. Aggregates with lower PANI content 
were comparatively more stable than aggregates with higher PANI contents. 
This phenomenon clearly demonstrates the weak interaction between PANI and 
PEO blocks of the block copolymer in aqueous solution.  
Figures 3.15-3.17 shows the TEM and SEM images of aggregate 
morphologies of SEOS151/SEOS276/PANI blends in aqueous solution. The 
SEOS151 block copolymer self-assembled into cylindrical and spherical micelles 
at [ANI]/[EO] = 0.1 as shown in Figure 3.15a, 3.15b. Even though significant 
morphology change couldn’t be observed at lower PANI contents, the 
aggregation was skewed towards formation of spherical micelles than 
cylindrical micelles. In addition, the cylindrical micelles are observed to be 
cross-linked to form bilayer structures. The formation of spherical micelles may 
be due to phase separation of PANI/block copolymer aggregates expelled from 
bilayer forming block copolymers to minimize the total free energy of the 
system. The increase in stretching of the core forming PS blocks in cylinder 
forming bock copolymer and higher solubilisation entropy adhered with PANI 
were believed to be responsible for expulsion of PANI aggregates[14, 23]. The 
PANI complexed with corona forming PEO blocks may be responsible for 
fusion of cylindrical micelles to form bilayer structures. The increase in 
hydrophobic/hydrophilic ratio was also known to transform the morphology 
from micelles to vesicles due to increase in core chain stretching and increased 
core/corona interfacial tension [5, 24]. The bimodal distribution in the DLS peak 
(Figure 3.15c) shows the presence of two different population of aggregates as 
evidenced from the TEM and SEM images. The peak at 93 nm denotes spherical 
micelles and the broad peak at 451 nm denotes aggregated cylindrical micelles.  
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Figure 3.5 (a) TEM and (b) SEM image of SEOS151/PANI blend DW
>$1,@>(2@ alongwith (c) Dh.
Addition of PANI to SEOS276 block copolymer resulted in formation of 
deformed vesicles at [ANI]/[EO] = 0.1. Spherical vesicles with indentation on 
the surface can be observed from TEM and SEM image (Figure 3.16a, 3.16b). 
These collapsed vesicles are named as “KippDK” structure[25]. The possibility
of deformation during the sample preparation step can be ruled out, because 
the pure block copolymer aggregates prepared in identical condition doesn’t 
show any deformation. Furthermore, these deformed vesicles are larger than 
the vesicles formed from pure SEOS276 block copolymer. According to 
Eisenberg et al., freeze-drying of vesicle followed by rehydration or vacuum 
drying of samples resulted in indentation. The normal drying process also 
resulted in formation of slight indentation on the surface. Hence, the 
morphology was reported to be greatly influenced by sample preparation 
methods[26]. The sample preparation method was tested multiple times in this 
case to avoid influence of preparation conditions. The morphology observed 
was similar in all the attempts. The Kippah vesicles formed from SEOS276/
PANI blends may be 
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due to increase in the flexibility of the membrane resulted in indentation. The 
weak interaction between PEO chains and PANI may have altered the 
hydrophobic/hydrophilic balance during the vesicle formation. Increase in 
hydrophobic content within the block copolymer chains increases the core chain 
stretching, thereby increasing the aggregation number. Larger vesicles may be 
formed due to increase in aggregation number. We assume that, alteration in 
membrane composition by PANI may be the reason for increase in membrane 
flexibility caused indentation. Further study on membrane composition in 
SEOS276/PANI blends may give detailed information on indentation process. 
The hydrodynamic diameter of the large kippha vesicles was around 295 nm
from DLS measurement (Figure 3.16c). The size difference in vesicles formed 
from pure SEOS276 block copolymer and SEOS276/PANI blend is obvious from 
both the DLS measurements and TEM/SEM images.  
Figure 3.6 (a) TEM and (b) SEM image of SEOS276/PANI blend DW
>$1,@>(2@ alongwith (c) Dh.
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The blends of pure SEOS151 and SEOS276 block copolymers with 
homopolymer PANI at various PANI contents resulted in slight change in 
morphology as discussed above. In case of blends of flexible block 
copolymer/homopolymer or block copolymer blends, various micellar and 
vesicular morphologies were reported [7, 27-29]. The interaction between the 
blending components are very important to produce morphology transformation 
by avoiding phase separation. In case of absence of interaction between the 
polymer blocks, the molecular weight difference between the miscible blocks 
shouldn’t be large. The similar blocks with same molecular weight reduces the 
solubilisation entropy and produce uniform mixing, thus avoiding macrophase 
separation. Here, the two block copolymers SEOS151 and SEOS276 are 
compatible, i.e. the hydrophobic PS blocks were miscible and produced various 
morphologies upon changing the compositions. However, after introduction of 
PANI into these SEOS151/SEOS276 blends, the miscibility of PS blocks were 
affected, which lead to co-existence of cylindrical micelles and kippha vesicles 
(Figure 3.17a, 3.17b). The length of the cylindrical micelles seems to be 
increased compared to the micelles formed from pure SEOS151 (Figure 3.8a). 
The increase in length of the micelles can be observed in SEOS151/PANI blends 
as well (Figure 3.15a). The weak interaction between PEO and PANI may have 
reduced the chain packing frustration in the end caps of the cylindrical micelles. 
Furthermore, the crosslinking effect of PANI chains may have helped liking the 
short micelles and increased its length. The complexation of PANI chains to the 
corona forming PEO chains may have increased the solubilisation entropy and 
changed the hydrophobic/hydrophilic ratio, which may led to expulsion of low 
molecular weight micelle forming block copolymer chains form the vesicles 
forming polymer chains. The phase separated polymers self-assembled 
individually into their native morphologies. In DLS measurement, a broad peak 
was observed at 410 nm due to co-existence of cylindrical micelles and vesicles 
(Figure 3.17a, 3.17b). The PANI had little influence over the self-assembled 
morphologies in those blends discussed above. However, the kippha vesicles 
were observed for the first time in amphiphilic block copolymer/PANI blends. 
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In all above mentioned systems, SEOS151, SEOS276 and SEOS151/SEOS276,
various PANI compositions [ANI]/[EO] from 0.1 to 1.0 have been studied, 
however, images for PANI content 0.1 have been discussed. At all other 
compositions, the morphology remained similar in spite changing PANI content. 
Figure 3.7 (a) TEM and (b) SEM image of SEOS151/SEOS276/PANI blend
DW>$1,@>(2@ along with (c) Dh.
3.4 Conclusions 
To conclude, we have synthesized two ABA type triblock copolymers 
(PS151-PEO136-PS151, PS276-PEO136-PS276) with different hydrophobic PS block 
lengths and studied the morphologies at various blend ratios in aqueous solution. 
Various morphologies such as spherical vesicles, cylindrical micelles, toroidal 
micelles, “jellyfish” like aggregates, toroidal vesicles, large compound vesicles 
and large lamellae were observed upon increasing the concentration [S276]/[S151]
from 0.2 to 6. Furthermore, aggregates were prepared from blends of block 
copolymer with a rigid rod homopolymer PANI. Due to weak interaction 
between the PANI chains and PEO blocks, minor morphology change was 
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observed. The native morphology of block copolymers dominated in most of the 
compositions. However, kippha vesicles were observed for the first time in 
SEOS276/PANI blends. The interplay between polystyrene chain stretching and 
curvature effects produced by different PS chain lengths may be responsible for 
the morphology evolution. The presence of rigid polymer PANI in the core-
corona interface is expected to alter the membrane properties to a larger extent. 
This blending strategy holds promise for creating nanoparticles of various 
morphologies without the need to synthesize block copolymers of specific 
composition.   
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Chapter Four 
4 Giant Tubular and Toroidal Vesicles from Self-
Assembled Triblock Copolymer/Polyaniline 
Complexes in Water 
4.1 Abstract 
In this study, an ABA type amphiphilic triblock copolymer polystyrene-
b-polyethylene oxide-b-polystyrene (PS-PEO-PS) was synthesized via ATRP. 
The PS-PEO-PS was sulfonated to polystyrene sulfonic acid-b-polyethylene 
oxide-b-polystyrene sulfonic acid (PSS-PEO-PSS). Upon addition of PANI 
homopolymer at various concentrations to PSS-PEO-PSS, new self-assembled 
morphologies such as toroidal vesicles, giant tubular vesicles, and perforated 
spherical vesicles were observed in aqueous solution. The morphology of 
aggregates were correlated to ratio of PANI to PSS. The mechanism of 
morphology transformation at different compositions was discussed. The 
complexation between a rigid rod-like polymer with an acid block copolymer 
seems to be a viable approach to modify the membrane properties of aggregates 
as shown in this study.   
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4.2 Introduction 
The bilayer forming amphiphilic block copolymers self-assemble into a 
variety of vesicular morphologies such as vesicles and tubes in aqueous 
solution.[1, 2] Due to the potential application of these nanostructures in 
biomimicry and nanomedicine, research has been focussed on developing 
bilayer nanostructures of multiple geometries.[3] Apart from the common 
bilayer structure such as spherical vesicle, complex nanostructures such as 
disks[4] and compartmental vesicles[5] were identified in recent years. The 
geometric complexity among self-assembled block copolymer nanostructures 
was achieved by either synthesizing tailored block copolymers or adding 
additives to block copolymers to form blends.[6] Even though modern polymer 
synthetic techniques offer excellent control over polymer architecture and 
functionality, polymer blending/complexation has advantages in its own right 
both in solution and bulk.[7] The complexation between the components was 
generally brought via hydrogen bonding, coordination and acid-base 
complexation.[8-10] A variety of self-assembled morphologies has been 
reported from block copolymer/homopolymer complexes in aqueous solution. 
For instance, Gohy et al.[11] have studied a number of block 
copolymer/homopolymer systems where micellar aggregates are observed with 
tuneable morphologies. Preparing polymer aggregates through polymer 
complexation eliminates the need to synthesize tailored polymers to achieve 
specific morphology and provides flexibility for morphology tuning by taking 
control of the electrostatic interactions. 
In aqueous self-assembly of amphiphilic block copolymers, depending on 
required morphology, additives can be added that form complex with either 
wall[12] or corona[13] forming blocks. The additives range from small 
molecules to block copolymers through metal ions and homopolymers [14-16]. 
As the result of complexation of flexible chain block copolymer and 
homopolymer additives, complex morphologies such as compartmentalized 
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micellar shells and cores has been reported in previous studies[14]. However, 
complexation of flexible block copolymers with semi-flexible or rigid rod-like 
polymer additives and their self-assembly have not been studied in detail. In 
natural systems, the cells are made of a mixture of natural polymers that are held 
together by non-covalent interactions and have varying rigidity throughout the 
system brought by varying compositions.[17] In the same vein, understanding 
the self-assembly mechanism and complexation of rigid polymer complexes 
may give new insights towards achieving biomimicry.  
In this study, we have used a rigid rod-like homopolymer polyaniline 
(PANI) to form complex with an amphiphilic triblock copolymer polystyrene 
sulfonic acid-b-polyethylene oxide-b-polystyrene sulfonic acid (PSS-PEO-PSS) 
and studied their self-assembled morphologies at different concentrations of 
PANI. The self-assembled aggregate morphologies were studLed using 
transmission electron microscopy (TEM), scanning electron microscopy (SEM) 
and dynamic light scattering (DLS) techniques. Various self-assembled 
morphologies such as toroidal vesicles, giant tubular vesicles, and perforated 
spherical vesicles were observed upon changing the concentration of PANI in 
PSS-PEO-PSS soOution. Here, the morphology change was brought through 
acid-base interaciton between sulphonic acid groups and PANI.
4.3 Experimental section 
4.3.1 Materials 
The triblock copolymer polystyrene-b-polyethylene oxide-b-polystyrene 
(PS-PEO-PS) was synthesized as reported in chapter . The block copolymer
PS276-PEO136-PS276 (SEOS276) was used in this study. The emeraldine base form 
of PANI with average Mw = 5000 was obtained from Aldrich Chemical Co., 
Inc. Acetyl sulfonate and acetic anhydride were purchased fURm Sigma-Aldrich
Co. All other reagents were used without further purification. 
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4.3.2 Transmission Electron Microscopy (TEM) 
TEM experiments were performed on a JEOL JEM-2100 transmission 
electron microscope operating at an acceleration voltage of 100 KV. Aqueous 
solution of complex aggregates was deposited onto a carbon coated copper EM 
grid, after one minute, excess solution was removed using a piece of filter paper.
Then, copper grids were dried at room temperature and vapor stained with 
ruthenium tetroxide for 5 minutes. Finally the grids were dried at least 24 hours 
before TEM examination.
4.3.3 Scanning Electron Microscopy (SEM) 
The surface morphologies of aggregates were imaged with a Zeiss Supra 
55 VP field emission gun scanning electron microscope (SEM). The samples 
were coated with a thin conductive carbon layer and imaged under an 
acceleration voltage of 3kV using in-lens detector. 
4.3.4 Dynamic Light Scattering (DLS) 
The dynamic light scattering measurements were performed at 25°C using 
Zetasizer Nano ZS apparatus equipped with a He-Ne laser (λ0 = 633 nm). The 
scattering intensity autocorrelation functions from the digital correlator were 
analyzed using Cumulant method to derive hydrodynamic size of complex 
aggregates.
4.3.5 Fourier Transform Infrared (FTIR) Spectroscopy 
The aqueous solution was evaporated, and the samples were dried in a 
vacuum oven at 30°C for 48 hours before FTIR measurements. FTIR analysis 
of the samples was performed with a Bruker Vertex-70 FTIR spectrometer with 
a Pike ATR high-pressure clamp. An average of 32 scans in the standard 
wavenumber range 600-4000 cm-1 at a resolution of 4 cm-1 was recorded.
4.3.6 Nuclear Magnetic Resonance (NMR) Spectroscopy 
The synthesis and sulphonation of PS-b-PEO-b-PS block copolymer was 
followed by proton nuclear magnetic resonance (1H NMR) spectroscopy with 
JEOL EX270 MHz spectrometer, using CDCl3 as the solvent.  
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4.4 Results and Discussion 
4.4.1 Sulfonation of PS-b-PEO-b-PS triblock copolymer
The triblock copolymer PS276-PEO136-PS276 (SEOS276) was suphonated 
using a two-step reaction.[18, 19] In the first step, the sulfonating agent acetyl 
sulfonate was prepared. About 0.75 mL of acetic anhydride was mixed with 3.87 
mL of 1,2-dichloroethane (DCE) and placed in an ice bath. To the cold solution, 
0.21 mL of concentrated sulfuric acid (98%) was added drop by drop to get a
clear solution of acetyl sulfonate. In the second step, 1.2 g of SEOS276 was added 
to 15 mL of DCE and the solution was stirred for 1 h with nitrogen purging. 
After dissolving the polymer completely, acetyl sulfonate solution was added 
and stirring continued for 2 h at 50 ºC. Finally, the reaction was stopped by 
adding 5 mL of isopropanol and the solvent was removed by rotary evaporation. 
The resultant polymer was washed with boiling water several times and dried in 
a vacuum oven at 50 ºC. 
Sulfonation of the polystyrene blocks was verified using H1-NMR
spectroscopy. Figure 4.1 shows the H1-NMR spectrXP of PSS-PEO-PSS
(SSEOSS). The broad peak around 4-4.5 ppm indicates the presence of sulfonic 
acid groups in SSEOSS triblock copolymer.[19] In addition, sulfonation was 
further confirmed using FTIR spectroscopy (Figure 4.2). The degree of 
sulfonation was estimated to be 3.9 mol% by titrating chloroform/methanol 
(95:5) solution of SSEOSS with standard methanolic sodium hydroxide 
solution.[19, 20]  
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Figure 4.1 H1-NMR spectrum of PSS-PEO-PSS triblock copolymer in 
CDCl3. 
4.4.2 Complex preparation 
The sulfonated triblock copolymer SSEOSS and homopolymer PANI 
were dissolved individually in a common solvent dimethylformamide (DMF) to 
get 0.5% (w/v) and 0.1% (w/v) polymer solutions respectively. PANI solution 
was added to SSEOSS to get complexes at molar ratios [ANI]/[SSA] 
(aniline/styrene sulphonic acid) ranging from 0.1 to 1.5. After adding PANI 
solution, the mixture was stirred for 1 h to ensure a complete complexation 
between PANI and sulphonic acid groups. At this stage, the solution turned from 
blue to green color indicating protonation of PANI backbone by sulphonic acid 
groups. To induce aggregation of these complexes, deionized water was added 
at the rate of 1 wt%/min until 5 wt%, then stirred for 24 h to allow the system to 
reach thermodynamic equilibrium. Then water addition continued up to the final 
water content of 50 wt %. The solution turned turbid due to aggregation of 
complexes into various self-assembled nanostructures. A similar procedure was 
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followed to prepare aggregates of SEOS/PANI with molar ratios [ANI]/[EO] 
(aniline/ethylene oxide) ranging from 0.1 to 1.0. Finally, the aggregates 
transferred into water by dialyzing against deionized water for three days.    
4.4.3 FTIR analysis 
The sulfonation of polystyrene blocks of the block copolymer and 
SSEOSS/PANI complexation were studied using FTIR spectroscopy in a Bruker 
Vertex-70 FTIR spectrometer. The samples were dried in a vacuum oven at 30°C 
for 48 h and then mixed with KBr to prepare discs. In the sulfonated block 
copolymer SSEOSS, new peaks can be observed in the FTIR spectrum due to 
the introduction of sulfonic acid groups (O=S=O) (Figure 4.2). The 
characteristic absorption bands of symmetric and asymmetric stretching 
vibrations of sulfonic acid groups were observed at 1176 cm-1 and 1373 cm-1
respectively. The peaks at 1031 cm-1 and 1124 cm-1 were due to sulfonated 
phenyl rings.[19] The broad peak at 3404 cm-1 in SSEOSS denotes OH
stretching vibrations corresponding to both free and hydrogen bonded sulfonic 
acid groups, which in turn confirms sulfonation of polystyrene blocks. In 
SSEOSS/PANI complexes, the electronic-like absorption band (N=Q=N , Q 
denotes Quinoid ring of PANI) of PANI at 1167 cm-1 was shifted to 1152 cm-1
due to protonation (Q=NH+-B, B denotes Benzenoid ring of PANI) of PANI 
backbone by sulfonic acid groups from the block copolymer. This absorption 
band at 1152 cm-1 appears broad due to overlapping with the stretching 
vibrations of sulfonic acid groups.[21, 22] In addition, the broad absorption band 
around 3404 cm-1 in SSEOSS was shifted to 3439 cm-1 after complexation 
because of the weakening of hydrogen bonds among the sulfonic acid 
groups.[23] The decrease in absorption intensity after PANI addition can be 
ascribed to dissociation of self associated hydrogen bonds among sulfonic acid 
groups due to protonation of PANI.   
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Figure 4.2 FTIR spectra of PANI, SEOS, SSEOSS and SSEOSS/PANI 
complex. 
Since PANI forms complex with the bilayer forming hydrophobic 
polystyrene blocks, small change in PANI concentration was expected to 
produce a pronounced effect on the final morphologies. Morphologies of 
aggregates formed from non-sulfonated block copolymer polystyrene-b-
polyethylene oxide-b-polystyrene (PS-PEO-PS) were also studied for 
comparison. Figure 4.3 shows the complexation between sulfonic acid groups (-
SO3H) of PSS-PEO-PSS and imine groups (=N-) of PANI. 
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Figure 4.3 Schematic representation of complexation between PSS-PEO-
PSS and PANI.
4.4.4 Morphology in SEOS276/PANI system 
In non- sulfonated triblock copolymer/polyaniline system, PS-PEO-
PS/PANI, the vesicles were the only morphology observed at all PANI 
concentrations ranging from 0.1 to 1.5. The TEM images of morphologies 
corresponding to [ANI]/[EO] ratios 0, 0.5 and 1.0 were shown in Figure 4.4. For 
the pure PS-PEO-PS, spherical vesicles can be seen in Figure 4.4a with 
polystyrene blocks forming the wall of the vesicle observed as dark ring due to 
ruthenium tetroxide staining. As PANI was added, the vesicles started forming 
macroscopic aggregates without change in their morphology (Figure 4.4b, 4.4c) 
and this can be evidenced from the DLS peaks (Figure 4.5) showing very broad 
size distribution at [ANI]/[EO]=0.5 and 1.0. Since PANI cannot form complex 
with either of hydrophilic PEO or hydrophobic PS blocks, the morphology of 
the vesicles remained unaffected upon adding PANI. Even though hydrogen 
bonding between PEO and PANI was reported in the bulk state, complexation 
in aqueous solution was not observed here, which may be due to strong hydrogen 
bonding between PEO and water molecules prevented PANI complexation.[24] 
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For pure PS-PEO-PS block copolymer, a narrow DLS peak was observed at 211 
nm indicating a monodisperse population of vesicles. However, at polyaniline 
concentrations above 0.3, broad DLS peaks were observed at 217 
([ANI]/[EO]=0.5) and 246 nm ([ANI]/[EO]=0.1) indicating polydispersity 
(Figure 4.5). Polydispersity may be due to aggregation of phase separated PANI 
homopolymer, which eventually lead to macroscopic precipitation of vesicles. 
To enable PANI complexation and solubility, PS blocks of PS-PEO-PS were 
functionalized with sulfonic acid and studied the morphology of complex 
aggregates at various PANI concentrations.  
 
Figure 4.4 TEM images of PS-PEO-PS/PANI aggregates at [ANI]/[EO]=0 
(a), 0.5 (b) and 1.0 (c). 
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Figure 4.5 Hydrodynamic diameter (Dh) of vesicles from PS-PEO-
PS/PANI blends in water.
4.4.5 Morphology in 6SEO6S276/PANI system 
In sulfonated triblock copolymer/polyaniline system, PSS-PEO-
PSS/PANI, morphology transformation of the vesicles were observed upon 
increasing PANI concentration. Figures from 4.6 to 4.9 shows the TEM and 
SEM images of various morphologies observed at [ANI]/[SSA]=0, 0.4, 0.7 and 
0.9. The sulfonated triblock copolymer self-assembled into spherical vesicles 
(Figure 4.6a & 4.6b) of hydrodynamic diameter (Dh) 222 nm (Figure 4.6c). After 
sulfonation, the increase in size of vesicles may be due to increasing in partial 
molar volume of the corona caused by sulphonic acid groups.[25] The water 
soluble polystyrene sulphonic acid groups are expected to reside in the PS/PEO 
interface forming a shell around PS bilayer.  
Figure 4.7a and 4.7b shows the TEM and SEM image of toroidal 
vesicles, respectively, at [ANI]/[SSA]=0.4. Bulky toroids[26] and toroidal 
micelles[27] have been reported previously. However, toroidal vesicles have 
been observed for the first time in this study from block copolymer complexes. 
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Figure 4.6 (a) TEM and (b) SEM image of SSEOSS/PANI complex 
aggregates showing spherical vesicles along with (c) hydrodynamic 
diameter Dh.
According to Eisenberg et al.[28], the core chain stretching, core-solvent 
interaction and intercoronal repulsion are the factors that govern self-assembled 
morphology in block copolymer systems. Here, complexation of PANI to PSS 
blocks affected these self-assembly parameters and led to the morphology 
transformation. Specifically, intercoronal repulsion due to negatively charged 
sulphonic acid groups in the core-corona interface decreases with increase in 
PANI concentration. Furthermore, the PS chain stretching may have decreased 
as a result of complexation with PANI and the overall increase in hydrophobic 
block content.[29] The decrease in chain stretching of the bilayer forming block 
favors free energy minimization by eliminating the bending penalty associated 
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with the formation of spherical vesicles. Combination of above-mentioned 
factors may provide lower curvature effect to PANI complexes during self-
assembly. This leads to preferential segregation of PANI complexes towards 
toroidal exterior and free block copolymer chains towards toroidal interior. After 
introduction of PANI, at [ANI]/[SSA]=0.4, a decrease in Dh of aggregates to 207 
nm (Figure 4.7c) was observed. The decrease in aggregate size can be ascribed 
to partial neutralization of sulphonic acid groups by PANI led to an overall 
reduction in the effective volume of hydrated sulphonic acid groups. 
Figure 4.7 (a) TEM and (b) SEM image of complex aggregates at 
[ANI]/[SSA]=0.4 showing toroidal vesicles along with (c) hydrodynamic 
diameter Dh.
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Further increasing PANI content to 0.7 led to the formation of giant 
tubular vesicles as seen in Figure 4.8a and 4.8b. Tubular nanostructures from 
block copolymers and surfactants have been reported previously.[30, 31] 
However, giant tubules of diameter around 400 nm with an average length of 8-
10 μm were observed for the first time in this study from block copolymer 
complexes. It has been hypothesized that tubule formation was through fusion 
of spherical vesicles during the process of aggregation, confirmed via oscillatory 
perturbations observed in the diameter of the vesicles.[30] The same 
phenomenon can be seen in these tubular structures. In addition, interconnected 
vesicles started appearing above PANI content 0.4 and eventually led to the 
formation of long tubules. The morphology transformation from toroidal 
vesicles to giant tubular vesicles, upon increasing PANI content, may be due to 
the crosslinking or bridging effect produced by stiff PANI chains as we have 
previously reported.[32, 33] As the PANI complexes reside in the core-corona 
interface, the bridging of sulfonic acid groups by PANI chains may have helped 
fusion of vesicular bilayers to form giant tubules. The entropic penalty 
associated with the chain packing frustration in the bilayer may have been 
overcome by strong interaction between sulfonic acid groups and PANI. In DLS 
measurement of non-spherical particles such as rods and tubes, the measured 
hydrodynamic diameter corresponds to the sphere that has same average 
translational diffusion coefficient produced by the particle under investigation. 
Here, the bimodal DLS peaks at 293 nm and 2.5 μm distribution can be ascribed 
to the coexistence of spherical vesicles and tubules (Figure 4.8c).     
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 Figure 4.8 (a) TEM and (b) SEM image of complex aggregates at 
[ANI]/[SSA]=0.7 showing giant tubular vesicles along with (c) 
hydrodynamic diameter Dh. 
 
At [ANI]/[SSA]=0.9, perforated spherical vesicles were observed as 
shown in Figure 4.9a and 4.9b. As described previously, at higher PANI 
concentrations, the lower curvature effect of PANI complexes facilitates 
formation of complex bilayer morphologies such as perforated spheres observed 
here. Similarly, nanostructures of complex morphologies have been prepared by 
varying the block copolymer/homopolymer compositions.[34] We assume that 
the pores on the surface of giant vesicles may have been formed by the stalk-
pore membrane fusion mechanism during the fusion of spherical vesicles.[35, 
36] Furthermore, the internal segregation of free block copolymers with higher 
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curvature effect may have formed the rim of the pores within the bilayer. The 
PANI cross-linking effect may have driven the membrane fusion in addition to 
the lower entropic penalty/surface tension associated with the formation of 
larger bilayer nanostructures. The hydrodynamic size of these perforated 
vesicles was around 1 μm as measured from DLS technique (Figure 4.9c). 
Formation of smaller vesicles and PANI molecular aggregates may be 
responsible for the broad DLS peak at higher PANI contents.  
 
Figure 4.9 (a) TEM and (b) SEM image of complex aggregates at 
[ANI]/[SSA]=0.9 showing perforated vesicles along with (c) 
hydrodynamic diameter Dh. 
At PANI contents above 0.9, molecular aggregates of PANI led to 
macroscopic phase separation of block copolymer and PANI. Figure 4.10 shows 
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the schematic representation of the morphology transformation in PS-PEO-
PS/PANI complexes as the function of varying PANI content. 
 
Figure 4.10 Schematics of self-assembled aggregates of PSS-b-PEO-b-
PSS/PANI complexes at a) [ANI]/[SSA]=0, b) [ANI]/[SSA]=0.4, c) 
[ANI]/[SSA]=0.7 and d) [ANI]/[SSA]=0.9. 
4.5 Conclusions 
 
 We have reported new morphologies such as toroidal vesicles, giant 
tubular vesicles and perforated vesicles from self-assembled PSS-b-PEO-
b-PSS/PANI complexes in aqueous solution. The morphology 
transformation was studied as the function of increasing PANI content. A 
possible mechanism for the morphology transformation upon increasing 
PANI content was also discussed. The rigidity and hydrophobic nature of 
PANI chains may be responsible for changing self-assembly parameters 
in flexible block copolymers even at its lower concentrations. 
Understanding the morphology evolution in bilayer nanostructures may 
enhance our knowledge of synthetic biology and towards achieving 
biomimicry. 
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Chapter Five 
5 Morphology-rheology correlation in aggregates 
of block copolymer/polyaniline complexes: Effect 
of pH and composition 
5.1 Abstract 
Morphology evolution in complexes of amphiphilic block copolymer 
polystyrene-b-polyethylene oxide-b-polystyrene (PS151-PEO136-PS151) and 
polyacrylic acid (PAA) in presence of polyaniline (PANI) was studied in 
aqueous solution. The rheology of aggregate solution of various morphologies 
was correlated to blend composition and solution pH ranging from 4 to 8. 
Transmission electron microscopy, small-angle X-ray scattering, and dynamic 
light scattering techniques were used to study the morphologies at PANI 
contents [aniline]/[acrylic acid] ([ANI]/[AA]) ranging from 0 to 0.7. The 
interpolyelectrolyte complex formed between PAA/PEO and PANI plays key 
role in morphology transformation and viscosity change. The possible 
mechanism for morphology transformation upon changing pH and composition 
was explained.   
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5.2 Introduction 
  Amphiphilic block copolymer self-assembly and their morphology was 
studied over a decade due to its importance in biomedical applications. 
Particularly, Eisenberg et al., and Muller et al., have studied self-assembly of 
amphiphilic block copolymers and their complexes in detail and reported 
complex morphologies [1, 2]. The ability to control polymer self-assembly in 
solution state provides opportunities to develop novel materials for wide range 
of applications [3-5]. Understanding the structure-property relationship or 
solution state behaviour of block copolymers is the key to fabricate functional 
nanomaterials. Multitude of parameters such as polymer composition, molecular 
weight, solubility, chain rigidity, temperature, pH, presence of additives etc., 
controls the final self-assembled morphology. Equally, polymer synthesis and 
thermodynamic/kinetic control of self-assembly works hand in hand while 
developing polymer aggregates for specific application. Understanding the basic 
principles governing self-assembly may provide opportunities to develop new 
materials.  
Block copolymer aggregates with novel morphologies have been 
reported in recent years [6-8]. The solution conditions such as pH, ionic 
concentration, and solvent composition affects the morphology of aggregates to 
greater extent. Many new morphologies have been reported by altering the 
solution conditions [9, 10]. In addition to morphology, the rheology of aggregate 
solution is important in understanding the stability of formulations. The bridge 
and loop formation in micelles and their effect on rheology was studied in block 
polyelectrolytes[11]. The rheology can be tuned via changing pH or ionic 
strength. The rheology in a series of amphiphilic block copolymers based on 
polystyrene−poly(sodium methacrylate) was studied using percolation 
theory[12]. The effect of pH and ionic strength was related to rheology and 
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arrangements of micelles in aqueous solution. Even though few studies have 
reported the effect of morphology on rheology of polymer aggregates, a 
complete understanding is required in application point of view. Rheology of 
polymer aggregates prepared from complexation of amphiphilic block 
copolymer and rigid polymers haven’t been studied. Unlike flexible chain 
homopolymers such as polyelectrolytes or surfactants, rigid polymers would 
drastically alter rheology due to their rigidity and solubility difference. 
In this study, an amphiphilic triblock copolymer polystyrene-b-
polyethylene oxide-b-polystyrene PS151-PEO136-PS151 was synthesized via 
ATRP and aggregate morphology was studied in aqueous solution. A rigid 
homopolymer PANI was introduced and morphology change was studied at 
various compositions and pH values. The rheology of aggregate solution was 
studied and correlated to the morphologies observed. The morphology change 
fURm spherical micelles to vesicles were observed upon changing pH from 7 to
4. Higher viscosity was observed for worm like micelles than spherical micelles
and vesicles. Understanding the rheological behaviour of rigid conjugated 
polymer complexes may help developing stable polymer aggregates in aqueous 
solution.  
5.3 Experimental section  
5.3.1 Materials and preparation of samples
The polyaniline emeraldine base (PANI-EB) with average molecular 
weight Mw = 5000 and polyacrylic acid (PAA) of average molecular weight Mw 
= 2000 were purchased from Aldrich Chemical Co., Inc. The triblock copolymer 
polystyrene-b-polyethylene oxide-b-polystyrene PS151-PEO136-PS151 (SEOS151) 
was synthesized as reported in chapter . 
The triblock copolymer SEOS151 and PAA were dissolved individually 
in dimethylformamide (DMF) to get 2 % (w/v) solutions. PANI was dissolved 
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in DMF to get 0.2 % (w/v) solution. The polymer solutions were filtered using 
a 0.45 μm syringe filter before preparation of complex aggregates. In the first 
step, DMF solutions of SEOS151 and PAA were mixed at equimolar ratios of 
acrylic acid to ethylene oxide ([AA]/[EO]) and stirred for complete mixing. In 
the second step, PANI solution was added to the mixture of SEOS151/PAA at 
two different molar ratios of aniline to acrylic acid ([ANI]/[AA]=0.3, 0.7). The 
solutions were stirred overnight and deionized water was added to induce 
aggregation. Deionized water of pH ranging from 4 to 8 was added to 
DMF/polymer solutions at the rate of 1 wt %/min with continuous stirring. The 
water addition was continued until 50 wt % to ensure formation of equlibrium 
morphlogies, eventhough turbidity appeared above 4 wt % of water content. The 
resultant green turbid DMF/water solution was used for rheology measurement. 
However, for transmission electron microscopy (TEM) and dynamic light 
scattering (DLS) studies, the turbid solution was first diluted and then dialyzed 
against deionized water of corresponding pH.  
5.3.2 Transmission Electron Microscopy (TEM) 
TEM experiments were performed on a JEOL JEM-2100 transmission 
electron microscope operating at an acceleration voltage of 200 kV. The dilute 
aqueous solution of complex aggregates was deposited onto a carbon coated 
copper EM grid, after one minute, excess solution was removed using a piece of 
filter paper. Then, copper grids were dried at room temperature for 24 hours and 
vapor stained with ruthenium tetroxide for 5 minutes. Finally the grids were 
dried at least 24 hours before TEM examination. 
5.3.3 Dynamic Light Scattering (DLS) 
The dynamic light scattering measurements were performed at 25°C 
using Zetasizer Nano ZS apparatus equipped with a He-Ne laser (λ0 = 633 nm). 
The dilute aqueous solution of complex aggregates prepared via dialysis method 
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was used for DLS studies. The scattering intensity autocorrelation functions 
from the digital correlator were analyzed using Cumulant method to derive 
hydrodynamic size and size distribution of complex aggregates.  
 5.3.4 Small-angle X-ray Scattering (SAXS)  
The SAXS data were collected on the SAXS/WAXS beamline at the 
Australian Synchrotron. The experiments used a beam of wavelength λ = 
1.12713 Å (11.0 keV) and the sample to detector length was 3327 mm. The 
aqueous solution of complex aggregates was used in SAXS experiments, where 
the solvent background scattering was subtracted to obtain net sample scattering.  
5.3.5 Rheological Measurements 
Rheological measurements were carried out on a TA DHR 3 rheometer 
with Peltier concentric cylinder geometry of cup diameter 30 mm at 20 °C. 
About 20 mL of 2.0 wt % of DMF/water solutions of complex aggregates were 
used for rheology measurement. The solvent trap was used to minimize the 
solvent evaporation.  
5.4 Results and Discussion 
 The preferential interaction in PANI/PAA and PAA/PEO systems 
through electrostatic interactions was used to control the self-assembly in block 
copolymers.[13, 14] The composition dependant morphology transformation 
was reported both in bulk and in solution [6, 15, 16], where the blending 
components interact thorough secondary interactions. The pH plays important 
role in affecting those secondary interactions such as hydrogen bonding and 
ionic interactions especially in weak polyelectrolytes in solution state. Hence, 
pH and composition dictates the final morphology of the self-assembled 
aggregates formed in PANI/PAA block copolymer systems. In this study, the 
effect of pH on self-assembly of PS-b-PEO-b-PS/PAA/PANI complexes was 
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studied at molar ratios [ANI]/[AA] = 0, 0.3 and 0.7. The pH of the solutions was 
varied from 4 to 8 and morphology transformation was studied. The electrostatic 
interaction between PANI and PAA was studied using FTIR and UV-Vis 
spectroscopy and reported in our previous studies.[13, 17] The morphology-
rheology correlation at different PANI/PAA compositions at various pH were 
discussed in following sections.  
5.4.1 Aggregate morphologies at [ANI]/[AA]=0 
 The effect of pH on the self-assembled morphology of PS-b-PEO-b-PS 
(SEOS151)/PAA blend was studies using TEM, SAXS and DLS. The viscosity 
of these aggregates at different pH was followed using rheological 
measurements and correlated with the morphologies observed from TEM 
studies. Figure 5.1 shows the TEM images of SEOS151/PAA aggregates in 
aqueous solution at various pH values. At neutral pH (pH=7), spherical micelles 
were the only morphology observed (Figure 5.1d). The hydrophobic polystyrene 
chains form micellar core, while hydrophilic PEO and PAA chains form corona 
of the micelles. The weak polyelectrolyte, PAA, shows partial dissociation in 
aqueous solution and can form hydrogen bonding with PEO chains.[15] The 
complexation via hydrogen bonding can be controlled via changing the solution 
conditions such as pH that eventually affects dissociation of PAA. Even though 
pure SEOS151 block copolymer forms worm like micelles in dilute aqueous 
solution, here, the additional parameters such as higher initial polymer 
concentration, presence of PAA and controlled pH may have influenced the self-
assembled morphology. The size distribution of these micelles appears to be 
narrow from DSL measurements and the peak centers around 115 nm (Figure 
5.3). In rheology measurements, all the aggregate solutions showed shear 
thinning behaviour within the frequency range investigated irrespective of the 
composition. Newtonian plateau was observed in very dilute aggregate solutions 
prepared from polymer solution of initial concentration < 0.5 wt %. 
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Figure 5.1 TEM images of SEOS151/PAA >$$@>(2@ aggregates at 
pH 4 (a), 5 (b), 6 (c), 7(d) and 8 (e).
At pH 6, worm like micelles were observed as shown in Figure 5.1c. As 
electrostatic repulsion among the coronal chains play important role in dictating 
the final morphology, the change in solution pH directly affects the ionization 
of PAA chains which in turn affects repulsion among the coronal chains.[10] At 
lower pH condition, the ionization of PAA is diminished and favors formation 
of hydrogen bonding with PEO chains in corona. It is well known that, decease 
in coronal chain repulsion facilitates formation of worm like aggregates and 
finally leading to formation of vesicles.[2] The crosslinking effect produced by 
PAA chains in the corona of the micelles may have helped formation of worm 
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like cylindrical micelles. The average diameter of these worm like micelles were 
around 262 nm (Figure 5.3). The increase in the size of aggregates can be 
correlated to formation of cylindrical structures, even though the diameter of 
cylinders remained constant. The DLS measurement provides hydrodynamic 
size of spherical particles. However, for non-spherical particles, the size values 
obtained from the measurement can be correlated to size of a spherical particle 
with similar translational diffusion coefficient. Hence, for cylindrical or worm 
like nanostructures, the hydrodynamic diameter increases abruptly due to 
factoring in the length in addition to diameter of aggregates. The viscosity of 
solution increases with decreasing pH can be observed from Figure 5.2. The 
entanglements among the worm like micelles may be responsible for significant 
increase in viscosity.  
Figure 5.2 Shear viscosity of SEOS151/PAA >$$@>(2@  
aggregates at different pH values. 
At lower pH values 5 and 4, worm like micelles were the predominant 
morphology as observed from TEM images (Figure 5.1b & a). The short worm 
like micelles grown into long and branching structures upon lowering pH. 
Bilayer formation in the junctions of worms is evident at pH4. The suppression 
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of PAA ionization at lower pH may led to formation of strong hydrogen bonding 
between PAA and PEO. The crosslinking effect produced by PAA chains in 
corona of the micelles due to electrostatic interaction may have aided in linking 
short worms to produce long and branched worm like micelles. In addition, the 
change in hydrophilic/hydrophobic balance in the block copolymer due to 
addition of hydrophilic PAA homopolymer may have influenced morphology 
evolution[1]. The DLS measurement shows overall increase in size of 
aggregates due to increase in length of micelles (Figure 5.3). However, at pH5, 
the bimodal size distribution at 69nm and 319nm was due to coexistence of 
spherical and worm like micelles. The viscosity shows significant increase at 
pH4 due to formation of long cylindrical micelles and bilayers. The crosslinking 
or entanglement among the micelles may have increased the viscosity of the 
solution due to formation of viscous cross-linked gels. At pH greater than 7, the 
viscosity decreased due to formation of irregular aggregates of diameter greater 
than 245nm with very broad size distribution. Macroscopic precipitating was 
observed and can be evidenced from the TEM image (Figure 5.1e). 
Figure 5.3 Hydrodynamic diameter of SEOS/PAA>$$@>(2@ 
aggregates at different pH values.
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5.4.2 Aggregate morphologies at [ANI]/[AA]=0.3 
The effect of pH on the self-assembled morphology of SEOS151/PAA 
system in presence of PANI ([ANI]/[AA]=0.3) is discussed in this section. At 
neutral pH 7, mixture of spherical and worm like micelles were observed in TEM 
analysis (Figure 5.4d). The charcteristic sharp peak in the SAXS profile denotes 
the wom like micelles at pH 7 (Figure 5.5)[18]. The viscosity of these worm like 
micelles were comparitively lesser than worm like micelles prepared in 
absence of PANI (Figure 5.6). The decrease in viscosity of soOXtion can be
attributed to poor solublity of rigid polymers and complex formation with 
polyacid PAA. Furthermore, water solubility of coronal chains may be reduced 
to certain extent due to PANI complexation that may lead to significant 
decrease in viscosity. The morphology transformed into vesicels of various 
sizes upon decreasing pH from 7 to 4. The vesicel formation in PANI 
containing systems may be due to increase in the hydrophobic block content. 
The greater the hydrohobic block content in block copolymer, the greater 
tendency towards formation of vesicular structures rather than micellar 
nanostructures[19].  
The PANI homopolymer is sensitve towards pH change because of 
protonation/deprotonation reaction. The electrostatic interation between PANI 
and PAA is greatly affected by pH of the medium. At lower pH values, complete 
protonation of PAA may take place, however, protonated PANI is insoluble in 
most of the common solvents. At higher pH values, complete deprotonation of 
PANI and absence of efficient PANI/PAA complexation was observed. Hence, 
macroscopic precipitation was observed in both lower and higher pH values. 
The morphlogy transformation was obsHrved within a narrow window of 
composition and pH.  
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Figure 5.4 TEM images of SEOS151/PAA/PANI aggregates at 
[ANI]/[AA]=0.3 at pH 4 (a), 5 (b), 6 (c), 7(d) and 8 (e). 
The hydrodynamic diameter of the vesicles increased from  278nm to 
greater than a micrometer at pH4 (Figure 5.7). The intercoronal chain repulsion 
may have been reduced at lower pH values due to protonation of PAA and PANI 
complexation, this may have lead to increase in aggreagtion number which in 
turn lead to formation of giant vesicles. Broad peaks can be observed in SAXS 
analysis for vesicels at lower pH values (Figure 5.5). At pH 8, compound 
vesicels were observed in addition to spherical micelles (Figure 5.4 e). 
Eventhough deprotonation of PANI was obvious from the solution colour 
change from green to pale blue, the aggreagtes were stable at pH8. Upon 
increasing pH above 8, macoscopic precipitaion was observed. Compound 
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vesicles may have formed due to crosslinking effect produced by PANI 
chains[17]. Since, pH change affects number of parameters such as PAA 
dissociation, PANI protonation, complexation and  solubility of complexes, 
trapping the intermediate morphologies might be a challenge in these systems.   
Figure 5.5 SAXS profiles of SEOS151/PAA/PANI aggregates at 
[ANI]/[AA]=0.3. 
Figure 5.6 Shear viscosity of SEOS151/PAA/PANI aggregates at 
[ANI]/[AA]=0.3. 
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The viscosity of these aggregate solutions decreased with decreasing 
pH. The important reason may be transformation of worm like micelles 
into spherical vesicles. The spherical aggregates always had low viscosity 
when compared to worm like aggregates[20]. The compound vesicles with 
comparatively lower viscosity may be due to partial decomplexation of 
PANI and the aggregate morphology)LJXUH.
Figure 5.7 Hydrodynamic diameter of SEOS151/PAA/PANI aggregates at 
[ANI]/[AA]=0.3. 
5.4.3 Aggregate morphologies at [ANI]/[AA]=0.7 
The PANI content was increased from 0.3 to 0.7 and studied the 
morphology at various pH values. At neutral pH 7, worm like micelles coexisted 
with vesicles (Figure 5.8 d). The vesicles measured 122nm in diameter and 
worms like micelles were around 488nm. The crosslinking effect produced by 
PANI is evident here as observed in other systems. The morphology of pure 
SEOS151/PAA blends transformed from spherical micelles to worms and finally 
to vesicles after addition of PANI. As observed in previous system with 
[ANI]/[AA]=0.3 PANI content, the vesicular morphology was observed at pH 
values 6 and 5. The size of vesicles decreased to 181nm and 149nm at pH 6 and 
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5 respectively. The size decrease when compared to system with low PANI 
content may be due to collapse of coronal chains due to complexation. The PANI 
complexes were less soluble in aqueous solution at relatively higher PANI 
contents due increase in hydrophobicity. In addition, the vesicles at pH 6 seems 
to contain interdigitated bilayer, where, the part of polystyrene chains in the 
bilayer are overlapped. In TEM images, due to interdigitated bilayers, 
alternating dark and light bands are usually observed[21] can be seen here. The 
interdigitating produces thick vesicle walls as observed in Figure 5.8 c. Sharp 
peaks for worm like micelles can be observed in SAXS profiles (Figure 5.9). 
Generally, for vesicles, broad peaks are observed, the multiple peaks in SAXS 
profile for vesicles at pH 6 was due to long range ordering of vesicles in 
concentrated aggregate solution. At pH 4, the spherical micelles were REVHUYHG
LQDGGLWLRQWRODUJHUDJJUHJDWHVGXHWRKLJKHU3$1,FRQWHQW. The SAXS profile 
shows a single broad peak comparatively at higher q range (Figure 5.9).   
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Figure 5.8 TEM images of SEOS151/PAA/PANI aggregates at 
[ANI]/[AA]=0.7 at pH 4 (a), 5 (b), 6 (c), 7(d) and 8 (e). 
The bimodal size distribution at pH 4 may be due to formation of larger 
aggregates in addition to spherical micelles. The PANI chains may be 
expelled from the aggregates due to its higher concentration. The insoluble 
PANI chains may have formed large precipitates which lead to the broad 
peak at 351nm. Further increasing pH to 8 resulted in macroscopic 
precipitation. Spherical micelles were observed in TEM image, however, 
the aggregate solution was not stable. A broad peak can be observed in 
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DLS measurement due to formation of irregular aggregates. No scattering 
was observed in SAXS measurement for these irregular aggregates.  
A broad peak can be
Figure 5.9 SAXS profiles of SEOS151/PAA/PANI aggregates at 
[ANI]/[AA]=0.7. 
 In rheological studies, the worm like micelles showed higher viscosity 
compared to other vesicular aggregates (Figure 5.10). However, upon 
reducing pH, the viscosity decreased due to formation of vesicles and 
micelles. The higher solubility via coronal hydration in absence or at low 
PANI contents may have increased viscosity. At [ANI]/[AA]=0.7, the 
higher PANI content may have reduced the viscosity to greater extent. At 
pH 8, the viscosity reduced to around 1 mPa.s and showed Newtonian 
behaviour. 7KH PDFURVFRSLF SUHFLSLWDWLRQ DW S+  DQG JUHDWHU PD\ EH
UHDVRQIRUORZHUYLVFRVLW\LQDOOWKHFRPSRVLWLRQVVWXGLHG
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Figure 5.10 Shear viscosity of SEOS151/PAA/PANI aggregates at 
[ANI]/[AA]=0.7. 
Figure 5.11 Hydrodynamic diameter of SEOS151/PAA/PANI aggregates at 
[ANI]/[AA]=0.7. 
In general, the micellar structures transformed into vesicular aggregates 
upon increasing the PANI content or decreasing pH. However, vesicles were not 
observed in SEOS151/PAA system upon reducing pH. At pH greater than 8, 
macroscopic precipitation was observed irrespective of PANI content. At pH 
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lower than 4, the morphology remain unchanged, except change in 
polydispersity in DLS measurement. The pH change shows significant effect on 
the morphology of aggregates at various PANI contents. The scheme 5.1 shows 
the schematic representation of aggregates at various pH and compositions.  
pH 4 5 6 7 8
[ANI]/[AA]=0
[ANI]/[AA]=0.3
[ANI]/[AA]=0.7
Cylindrical micelles Spherical micelles Spherical vesicles
Torroidal micelles Compound vesicles Irregular aggregates
Scheme 5.1 Schematic illustration of SEOS151/PAA aggregates at various 
pH and PANI contents. 
5.5 Conclusions 
We have reported the effect of pH on the self-assembled morphologies 
of SEOS151/PAA/PANI complexes at different compositions. The viscosity of 
complex aggregates at various pH and compositions were correlated to their 
morphology. In SEOS151/PAA system, the spherical micelles were transformed 
into worm like aggregates with an increase in viscosity of aggregate solution. In 
SEOS151/PAA/PANI system at [ANI]/[AA]=0.3 and 0.7, the micellar 
morphologies were transformed into spherical vesicles upon reducing pH from 
7 to 4. At pH greater than 8, macroscopic precipitation was observed irrespective 
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of composition. The higher viscosity for worm like micelles than spherical 
vesicles may be due to entanglement among the flexible worm like structures. 
These pH sensitive complexes of PANI with weak polyelectrolytes such as PAA 
can be used to control the morphology evolution in block copolymers at various 
solution conditions.  
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Chapter Six 
6 Large Compound Vesicles from Amphiphilic 
Block Copolymer/Rigid-Rod Conjugated Polymer 
Complexes 
(This chapter is reproduced from the article: Palanisamy, A. and Q. Guo, J Phys 
Chem B (2014), 118, 12796-12803. Reprinted with permission from American 
Chemical Society, Copyright 2014.) 
 
6.1 Abstract 
Morphology evolution in complexes of amphiphilic block copolymers 
poly(styrene)-b-poly(acrylic acid) (PS-b-PAA) and poly(styrene)-b-
poly(ethylene oxide) (PS-b-PEO) in presence of polyaniline (PANI) in aqueous 
solution is reported. Transmission electron microscopy (TEM), atomic force 
microscopy (AFM) and dynamic light scattering (DLS) techniques were used to 
study the morphologies at various PANI contents [aniline]/[acrylic acid] 
([ANI]/[AA]) ranging from 0.1 to 0.7. The interpolyelectrolyte complex (IPEC) 
formed between poly(acrylic acid) (PAA) and PANI plays a key role in the 
morphology transformation. Spherical micelles formed from pure block 
copolymers were transformed into large compound vesicles (LCVs) upon 
increasing PANI concentration due to internal block copolymer segregation. In 
addition to varying PANI content, the kinetic pathway of nanoparticle formation 
was controlled through different water addition methods was critical in the 
formation of multigeometry nanoparticles. 
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6.2 Introduction 
Nanostructures of various morphologies have been constructed from self-
assembly of molecular building blocks such as block copolymers [1-3], 
peptides[4], deoxyribonucleic acid (DNA)[5, 6], resulting in functional 
materials that can be tuned via altering the composition and molecular 
architecture. Block copolymer self-assembly received special attention in the 
past two decades in construction of bilayer nanostructures, the synthetic 
analogue of cell membranes made of biological amphiphiles, for various 
applications such as drug delivery, nanoreactors and diagnostic imaging.[2, 7] 
The advanced radical polymerization methods such as atom transfer radical 
polymerization (ATRP), reversible addition fragmentation chain transfer 
(RAFT) polymerization, and nitroxide-mediated radical polymerization (NMP) 
provides flexibility in synthesis of tailored block copolymers with complex 
architectures and functionalization capabilities required for specific 
applications.[8] As synthesized amphiphilic block copolymers self-assemble in 
solution into micelles, vesicles or cylinders depending on relative block lengths, 
interaction within blocks and with the solvent. In addition, these morphologies 
can also be controlled via external stimulus such as addition of homopolymer, 
added ions or solvent pH and kinetic control.[9]  
Noncovalent interactions such as hydrogen bonding and hydrophobic 
interactions play a vital role in dictating final morphology of a block copolymer 
self-assembled system. For instance, addition of a second component, such as a 
homopolymer, that has specific interaction with either of the blocks of the block 
copolymer can affect self-assembly. The second component increase the level 
of complexity thereby introducing a second level of hierarchy controlled by 
block-block interaction in addition to the solvent-copolymer interaction.[10] 
Low molecular weight diamine additives were reported to be efficient in 
synthesis of multigeometry block copolymer nanoparticles, where diamine 
undergo acid-base complexation with acidic groups and facilitates phase 
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separation within nanoparticles resulting in novel morphologies.[11] Similarly, 
a semi-flexible rod-like polymer, polyaniline (PANI) was used to control the 
self-assembly behaviour of a block copolymer containing acidic block.[12] 
PANI is a polybase, can undergo neutralization reaction with block copolymers 
containing polyacid block. Complexation of these low molecular weight 
additives with block copolymers may tune the final geometry of the 
nanoparticles through local chain segregation. 
Interpolymer complexation between block copolymers and homopolymer 
provides a unique opportunity to fabricate hierarchical nanostructures of 
complex geometries, and these are of particular interest due to their potential 
biomedical applications.[1] For example, multicompartment micelles were 
prepared from polybutadiene-b-poly(1-methyl-2-vinylpyridinium methylsulfate 
triblock terpolymer and quaternized poly(2-((2-
(dimethylamino)ethyl)methylamino)ethyl methacrylate) polycationic 
homopolymer. Compartmentalized shells were observed at different charge 
stoichiometries.[13] In addition to compartmentalization of micellar shell and 
core, compound vesicles and micelles with nano compartments similar to 
biological cells were also reported. Self-assembly of an ABC type triblock 
copolymer poly(ethylene glycol)-b-polystyrene-b-poly(ε-caprolactone) resulted 
in multicompartmental hollow micelles in aqueous solution.[14] In most of the 
studies[15, 16] involving synthesis of compartmentalized nanostructures, 
synthesis of block copolymers of a particular architecture and precise block 
lengths is required. However, polymer complexation may be used prepare 
complex morphologies wherever possible and complex synthesis procedures can 
be avoided. As mentioned earlier, PANI homopolymer has been used as the 
polybase in this study to prepare a multicompartmental nanostructure through 
complexation with a block copolymer containing polyacid block. 
In the present study, the self-assembly behaviour of a ternary system 
involving poly(styrene)-b-poly(acrylic acid) (PS-b-PAA), poly(styrene)-b-
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poly(ethylene oxide) (PS-b-PEO) amphiphilic block copolymers and a 
homopolymer PANI was studied in aqueous solution. Both the block 
copolymers used in this study has polystyrene (PS) as hydrophobic part, while 
the hydrophilic part comprised of poly(ethylene oxide) (PEO) and poly(acrylic 
acid) (PAA).The effect of PANI on the self-assembly behaviour of block 
copolymer was of interest owing to its chain rigidity and π-stacking 
behaviour.[17] The emeraldine base form of PANI has specific interaction with 
polyacrylic acid block of PS-b-PAA block copolymer through acid-base 
neutralization reaction which may control the morphology of self-assembled 
nanostructures. As expected, morphology change from micelles to large 
compound vesicles (LCVs) through various intermediate morphologies were 
observed at different PANI content. These morphology changes in block 
copolymer aggregates while adding a relatively low molecular weight 
conjugated polymer is observed for the first time. In addition, preparation of 
LCV’s by controlling the kinetic pathway presented here is new and more 
specific for conjugated polymers such as PANI that undergoes both protonation 
and complexation simultaneously. This method may be extended to other 
systems involving conjugated polymers to arrive at complex morphologies in 
aqueous solution through careful selection of block copolymer and 
homopolymer compositions, polymer concentration, solvent and optimizing 
processing conditions. LCV’s are multicompartmental structures that mimics 
living cells and holds potential biomedical applications. Successful preparation 
of compartmental structures demonstrate the self-assembly control attained in 
solution towards achieving biomimicry.[18] 
6.3 Materials and methods 
6.3.1 Materials  
The polymers used in this study were PS-b-PAA (SAA), PS-b-PEO (SEO) 
and PANI. The block copolymers SAA with Mn (PS) = 61000, Mn (PAA) = 
4000, Mw/Mn = 1.05 and SEO with Mn (PS) = 190000, Mn (PEO) = 48000, 
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Mw/Mn = 1.07 used in this study were purchased from Polymer source, Inc. The 
emeraldine base form of PANI with average Mw = 5000 was obtained from 
Aldrich Chemical Co., Inc. 
6.3.2 Preparation of complexes 
Block copolymers SAA and SEO and homopolymer PANI were dissolved 
individually in tetrahydrofuran (THF) to obtain 0.1% weight/volume (w/v) 
solution. PANI was subjected to ultrasonication for about 30 minutes post 
magnetic stirring and then filtered using a 0.45 μm filter before preparation of 
complex aggregates. In this study, the effect of different sequences of 
component addition on the morphology of self-assembled aggregates was 
studied at various PANI contents. Two methods of water addition were 
employed here in preparation of aggregates, namely one-step addition (1SA) and 
two-step addition (2SA) methods. In 1SA method, the THF solutions of SAA 
and SEO were mixed in equimolar ratio followed by addition of PANI to prepare 
a series of solutions at various molar ratios [aniline]/[acrylic acid] ([ANI]/[AA]) 
ranging from 0.1 to 0.7. After six hours of stirring, deionized water was added 
at a rate of 1 weight percent (wt %) per minute until the final water content of 
40 wt %. Then aggregate solution was quenched with 5-fold excess of deionized 
water and dialyzed against water for three days with replenishing every 12 hours 
to remove the common solvent (THF).  
In 2SA method, all compositions remain the same, however SAA and 
PANI were mixed first at various molar ratios from 0.1 to 0.7, followed by 
addition of deionized water up to 6 wt %. Then the solution was stirred for 12 
hours and required amount of SEO was added. Finally, deionized water was 
added up to 40 wt %, quenched with excess water and dialysed. In both these 
methods, after water addition and dialysis, the deep blue coloured solution 
turned into a cloudy greenish solution as a result of aggregation and complex 
formation. 
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6.3.3 Transmission Electron Microscopy (TEM) 
The dilute aqueous solution of complex aggregates were dropped on a 
carbon coated copper grid. After a minute, excess solution was blotted away 
using a piece of filter paper and the grids were dried in air for 24 hours. Then 
the grids were introduced into a chamber saturated with ruthenium tetroxide 
vapours for 5 min and dried for 24 hours before the examination under electron 
microscope. JEOL JEM-2100 electron microscope operating at an acceleration 
voltage of 100kV was used to study the morphology of aggregates. 
6.3.4 Dynamic Light Scattering (DLS) 
The dynamic light scattering measurements were performed at 25°C 
using Zetasizer Nano ZS apparatus equipped with a He-Ne laser (λ0 = 633 nm). 
The scattering intensity autocorrelation functions from the digital correlator 
were analyzed using Cumulant method to derive hydrodynamic size of complex 
aggregates.  
6.3.5 Fourier Transform Infrared (FTIR) Spectroscopy 
The aqueous solution was evaporated, and the samples were dried in a 
vacuum oven at 30°C for 48 hours before FTIR measurements. FTIR analysis 
of the samples was performed with a Bruker Vertex-70 FTIR spectrometer with 
a Pike ATR high-pressure clamp. An average of 32 scans in the standard 
wavenumber range 600-4000 cm-1 at a resolution of 4 cm-1 was recorded. 
6.3.6 Atomic Force Microscopy (AFM) 
The dilute solution of complex aggregates was spin coated onto a clean 
silicon surface at 3000 rpm and air dried for 24 hours at room temperature. The 
surface morphology was then studied in Bruker MultimodeTM 8 SPM instrument 
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using a silicon cantilever of spring constant 42 N/m in tapping mode. The height 
images were recorded and analyzed using NanoScope Analysis software.  
6.4 Results and discussion 
6.4.1. Choice of block copolymers and sample preparation 
Block copolymers with comparatively large hydrophobic and short 
hydrophilic block can self-assemble into a variety of nanostructures in water.[2] 
The morphology of these nanostructures plays a vital role in dictating final 
macroscopic properties. Among various parameters available to control the 
morphology[19], block copolymer self-assembly in aqueous solution can be 
controlled via addition of a second block copolymer that contains at least one 
block similar to its counterpart. =KX et al. reported complex geometries self-
assembled from binary block copolymer systems that contain same hydrophilic 
blocks and different hydrophobic blocks.[20] They studied co-assembly of two 
block copolymers possessing similar block lengths mixed in equal molar ratio 
resulting in multigeometry nanoparticles. Similarly, block copolymers SAA and 
SEO used in this study has same hydrophobic PS block with different molecular 
weights. These highly asymmetric block copolymers are known to form 
complex nanostructures in aqueous solution, and compatibility between PS 
hydrophobic blocks of these block copolymers was established in the previous 
study.[21] To ensure complete mixing between these block copolymers, equal 
molar ratio of polystyrene was maintained throughout all the experiments. 
Furthermore, morphology of these aggregates can be controlled precisely by 
adding a homopolymer that has specific interaction with the block 
copolymer.[22] Here, PANI is used as the homopolymer that can form complex 
with PAA through acid-base reaction thereby inducing morphological 
transformation. The aggregate structures in aqueous solution were stabilized by 
water soluble PEO blocks of SEO via masking the hydrophobic PS core from 
aqueous milieu.[23] 
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The morphology in block copolymers aggregates is influenced by 
controllable assembly parameters such as block lengths, solvent composition, 
solution pH and additives. In addition to these factors affecting free energy of 
the system, the sequence of polymer or solvent addition in aggregate preparation 
has significant impact on final morphology.[15] In conventional solution 
blending, block copolymers are dissolved in a common solvent and a block 
specific solvent is added to induce aggregation.[1] However, sequential addition 
of polymers and solvents during aggregation may produce hierarchical 
nanostructures upon careful selection of block copolymers and preparation 
methods. Here, in 1SA method, THF solution of PANI was added to SAA/SEO 
mixture at various [ANI]/[AA] ratios followed by water addition. Before water 
addition to the mixture, complexation via acid-base neutralization was less 
pronounced in a solvent of low dielectric constant such as THF.[2] Upon 
gradually increasing water content, complexation between PAA/PANI and 
aggregation of block copolymers takes place simultaneously and equilibrium 
morphologies are fixed. In an effort to separate both complexation and 
aggregation processes and allow enough time for molecular rearrangement, two-
step water addition was performed in 2SA method. Complexation between 
PANI and SAA was facilitated in the first step through water addition followed 
by addition of second block copolymer SEO. Since excessive water addition in 
the first step will trigger aggregation and may freeze the morphology,[24] the 
initial water addition was the critical step in balancing both the complexation 
and aggregation processes. Finally, aggregation of block copolymers was 
achieved via gradual addition of water in the second step. This two-step process 
may help in internal segregation of two block copolymers due to selective 
complexation of PANI provided enough time for equilibration. Depending on 
the amount of PANI available for complexation, various aggregate 
nanostructures were envisaged.  
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6.4.2 Electrostatic Complexation 
Polyaniline is known to form complex with polyacid such as acrylic acid 
[25] and sulphonic acid[12] via electrostatic interaction. The acid dissociation 
constant plays a vital role in complex formation with PANI in common organic 
solvents such as dimethylformamide (DMF) or THF. For instance, favourable 
interaction was observed with strong acid in PANI/sulphonic acid system[26] 
while no complexation was observed here in PANI/acrylic acid system. In this 
study, complexation between SAA and PANI was not observed in pure THF 
solution due to weak dissociation of PAA. The solution remained clear and 
bluish colour, which is the characteristics of pure PANI in its deprotonated state. 
However, after water addition, the solution turned green and cloudy as a result 
of complex formation and aggregation. The green colour is the characteristics of 
protonated form of PANI. The carboxylic acid groups (-COOH) of PAA in SAA 
block copolymer and imine (=N-) groups of PANI are responsible for complex 
formation. In aqueous solution, the carboxylic acid groups dissociate to form 
negatively charged carboxylate anions and protonates imine sites of PANI. The 
positive charge acquired on PANI backbone due to protonation attracts 
negatively charged carboxylate anions to form complexes via electrostatic 
interaction.[12] The electrostatic complexation was studied using FTIR 
spectroscopy for complexes at various PANI contents. The FTIR spectrD of 
SAA/SEO/PANI complexes at various PANI contents were shown in Figure 6.1. 
The absorption band around 1712 cm-1 is characteristic of the carbonyl (-C=O) 
stretching vibration of intra, and intermolecular hydrogen bonded carboxyl 
groups in SAA block copolymer. This -C=O carbonyl absorption band is 
particularly sensitive for electrostatic interaction.[27] In the FTIR spectrum of 
complexes, the carbonyl peak at 1712 cm-1 was shifted to a lower wavenumber 
region around  1680 cm-1 presumably due to electrostatic interaction with PANI. 
The decrease in the intensity of primary carbonyl peak at 1712 cm-1 may be due 
to dissociation of hydrogen bonded carboxylic acid groups to form carboxylate 
anions that involve in electrostatic complexation.[28] The increase in intensity 
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of peak at 1680 cm-1 can be correlated to increase in PANI content that was 
available for complex formation. The shift of carbonyl bands to a lower number 
can be ascribed to the formation of ionic bonds between PANI and PAA 
blocks.[29] 
Figure 6.1 FTIR spectrD of SAA block copolymer and SAA/SEO/PANI
complexes at various PANI contents. 
The neutralization reaction between PANI and PAA was further 
supported by pH measurements (Mettler Toledo pH meter) in aqueous solution. 
In both 1SA and 2SA methods, the pH of the solution increased from 4.7 to 6.1 
upon increasing PANI concentration, while pure PANI and SAA measured 8.3 
and 4.5 respectively. As PANI abstracts free protons from the solution, a 
moderate increase in solution pH coupled with colour change supports complex 
formation. However, external control of pH (via adding buffer) beyond the 
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above-mentioned range resulted in the formation of macroscopic aggregates, 
which may be due to aggregation of PANI as its solubility in aqueous solution 
is limited to a narrow pH range.[26] In addition, the external pH change may 
hinder complex formation between PANI and PAA either by protonation of 
PANI (in acidic pH) or neutralization of polyacrylic acid (in basic pH). Within 
4.1-7.5 pH range, the PANI complexes are stable in aqueous solution without 
precipitation.    
6.4.3. Morphology of Self-assembled Aggregates 
Amphiphilic block copolymers with asymmetric hydrophilic/hydrophobic 
blocks can self-assemble into a variety of nanostructures in block selective 
solvents.[21] Assembly of these complex nanostructures in solution was driven 
by various factors such as block copolymer concentration, block composition, 
solvent composition, etc. Additionally, polymer complexation via electrostatic 
interactions were also used to control morphology in various block copolymer 
systems.[22, 30] Here, the electrostatic interaction between PANI and SAA 
block copolymer was exploited to study the morphology evolution in 
SAA/SEO/PANI system. Complex aggregates were prepared via adding 
PAA/PEO block selective solvent (water) into THF solution. These aggregates 
were finally transferred into the aqueous solution, and morphologies were 
studied using TEM, AFM and DLS techniques.  
Spherical micelles were observed for pure SAA and SEO block copolymers 
as shown in Figure 6.2. The hydrophobic PS chains were collapsed to form 
micellar core with water soluble PAA or PEO chains forming corona of micelles. 
In TEM images (Figure 6.2a, 6.2b), the micellar core can be seen as dark spheres 
as a result of ruthenium tetroxide staining. The AFM height images of spherical 
micelles were shown in Figure 6.2c and 6.2d for SAA and SEO block 
copolymers respectively. In SAA system, micelles are less prone to aggregation 
due to electrostatic repulsion among partially dissociated coronal PAA chains 
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can be evidenced from TEM and AFM images. However, aggregation of 
micelles can be seen in SEO system due to weak steric repulsion among the PEO 
chains.[31] The average hydrodynamic diameter (Dh) of micelles measured 
using DLS technique were 120 nm and 187 nm for SAA and SEO polymers 
respectively (Figure 6.2e, 6.2f). The micellar size difference between two block 
copolymer systems can be directly correlated to PS block length and molecular 
weight difference. The SAA polymer has comparatively shorter PS chains and 
lower molecular weight than SEO polymer that resulted in smaller micelles and 
vice versa. The narrow DLS peak for SAA system indicates less polydispersity 
in micelles size distribution and minimal aggregation as seen in TEM and AFM 
images. However, broad size distribution was observed in DLS peak for SEO 
system may be due to polydispersity or aggregation of micelles. Different 
morphologies and sizes were observed for Salim et al.[21] with these block 
copolymers, which may be due to different common solvent, pH, initial polymer 
concentration and preparation methods used. 
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Figure 6.2 TEM (scale bar = 200 nm), AFM (scale bar=500nm) images of 
SAA (a, c) and SEO (b, d) respectively. The hydrodynamic diameter (DK)
of SAA (e) and SEO (f).
6.4.4 Morphologies from One Step Water Addition Method (1SA)
The TEM images of SAA/SEO/PANI complexes prepared from one-step 
water addition method are shown in Figure 6.3a-d. The morphology 
transformation was studied with increasing PANI content. For PANI/PAA molar 
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ratio [ANI]/[AA] = 0.1, a mixture of smaller and larger micelles were observed 
as shown in TEM image (Figure 6.3a). This shows incomplete molecular level 
mixing of two block copolymers at this composition. Similar morphologies were 
observed for PANI contents lower than molar ratio 0.1 and in the absence of 
PANI (not shown here for brevity). Hence, aggregation of block copolymers was 
not affected at low PANI contents ([ANI]/[AA] ≤ 0.1) in spite of complexation 
with PAA. In DLS measurement, two distinct peaks were observed at 60 nm and 
280 nm indicating the presence of two different populations of aggregates in 
solution (Figure 6.4). Further increasing PANI concentration to [ANI]/[AA] = 
0.3, vesicle were observed as shown in Figure 6.3b. The vesicles can be 
identified from TEM image as spherical particles with transparent regions in the 
centre with thick walls. The average Dh of these vesicles was around 224 nm. 
The single DLS peak represents homogeneous population of vesicles that may 
be formed due to uniform mixing of SAA and SEO. These vesicles appear to 
have broad size distribution when compared to micelles observed at [ANI]/[AA] 
= 0.1 is evident from the broad DLS peak (Figure 6.4). Similar morphology can 
be observed from these block copolymers self-assembled via hydrogen bonding 
interaction.[21]  
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Figure 6.3 TEM images (scale bar=200nm) of complex aggregates 
prepared via 1SA method at [ANI]/[AA] = 0.1 (a), 0.3 (b), 0.5 (c), and 0.7 
(d).
Figure 6.3c shows the TEM image of compound vesicles formed at 
concentration [ANI]/[AA] = 0.5. The compartments can be visualized in TEM 
image as transparent regions inside the micelles. The average size of these 
aggregates was 260 nm as measured fURm DLS technique (Figure 6.4). Upon 
increasing PANI concentrating further to [ANI]/[AA] = 0.7, multiple 
compartments are observed within micelles along with irregular aggregate 
structures (Figure 6.3d). The Dh of these micelles was around 299 nm, and broad 
DLS peak indicates polydispersity due to aggregation (Figure 6.4). The average 
size of aggregates seems to increase with PANI content due to change in 
morphology from micelles to compartmental micelles through vesicles. The 
formation of compartments within micelles suggests that preferential 
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segregation of SAA/PANI complex takes place inside the micelles. Segregation 
of PANI complexes was further studied using two-step water addition method 
and new morphologies were observed as follows. 
Figure 6.4 The DK of aggregates prepared via 1SA method at various 
PANI contents.
6.4.5 Morphologies from Two Step Water Addition Method (2SA)
In 2SA method, morphologies of complex aggregates prepared via two-step 
water addition were studied using TEM and AFM techniques (Figure 6.5-6.6). 
The molar ratios [ANI]/[AA] remained same as 1SA method. At [ANI]/[AA] = 
0.1, spherical micelles with small compartments were observed as shown in 
TEM image (Figure 6.5a). However, these compartments were not well resolved 
in AFM image (Figure 6.5b), but the whole structure appeared as spherical 
particles. At PANI concentrations lower than 0.1 and in the absence of PANI, 
no compartmentalization was observed and instead native morphologies of 
block copolymer components were observed. The Dh of these micelles was 
measured to be 210 nm (Figure 6.7), which is bigger than micelles formed from 
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pure SEO block copolymer indicates inclusion of SAA/PANI complex into SEO 
micelles. The tiny compartments observed previously inside the micelles were 
grown to larger compartments can be observed from Figure 6.5c for [ANI]/[AA] 
= 0.3. In the corresponding AFM image (Figure 6.5d) these micelles were 
observed as dimpled spheres. We assume that these dimples may be formed due 
to the collapse of compartments during sample preparation. The overall size of 
the micelles increased to 250 nm (Dh) may be due to the formation of larger 
compartments with respect to increasing in PANI concentration (Figure 6.7). 
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 Figure 6.5 TEM (scale bar=200nm), AFM (scale bar=500nm) images of 
complex aggregates prepared via 2SA method at [ANI]/[AA] = 0.1 (a, b), 
0.3 (c, d), and 0.5 (e, f). 
Compound vesicles were observed at [ANI]/[AA] = 0.5 as shown in TEM 
image (Figure 6.5e). Multiple compartments can be visualized inside the 
micelles as transparent regions. Spherical aggregates at various sizes can be seen 
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in the AFM image (Figure 6.5f), and dimples can be observed on the surface of 
these micelles as well. On further increasing PANI concentration to [ANI]/[AA] 
= 0.7, uniform large compound vesicles were observed as shown in TEM and 
AFM images Figure 6.6a and 6.6b respectively. These micelles seem to contain 
more densely packed compartments that can be visualized in the TEM image. 
Furthermore, fraction of compartments seems to be fused together to form 
interconnected structures due to dense packing. The dimples on the surface of 
the micelles can be clearly seen in AFM 3D height image (Figure 6.6c). Figure 
6d shows the AFM section analysis through a micelle. The Dh of these micelles 
increased from 338 nm to 412 nm for [ANI]/[AA] = 0.5 and 0.7 respectively. 
However, small peaks were observed below 100 nm in DLS measurements for 
[ANI]/[AA] = 0.5 and 0.7 may be due to formation of small PANI aggregates at 
relatively higher PANI concentrations (Figure 6.7). 
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Figure 6.6  TEM (scale bar=200nm), AFM (scale bar=500nm) image of 
complex aggregates prepared via 2SA method at [ANI]/[AA] = 0.7 (a, b). 
120 
 
AFM 3D representation (c) and section analysis (d) of aggregates at 
[ANI]/[AA] = 0.7. 
 
Figure 6.7 The Dh of aggregates prepared via 2SA method at various 
PANI contents. 
6.4.6. Proposed Mechanism for Morphology Transformation  
Novel morphologies can be observed while mixing a vesicle and micelle 
forming block copolymer in various compositions. For instance, block 
copolymers SAA and SEO used in this study were known to form various 
vesicular structures in aqueous solution depending on the composition and 
solution properties such as pH.[21] These block copolymers with a significant 
difference in molecular weight were miscible due to electrostatic interaction 
between the corona forming blocks and the presence of common hydrophobic 
PS block. Here, the electrostatic interaction between the PAA block of SAA 
block copolymer and PANI is taken as an advantage to preferentially segregate 
the SAA/PANI complex and probe the morphology evolution at various PANI 
concentrations. Still the block copolymers are miscible through common PS 
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block, and new morphologies were observed at a narrow window of 
compositions. 
In 1SA method, bimodal distribution of micelles (Figure 6.3a) at lower 
PANI contents ([ANI]/[AA] ≤ 0.1) may be due to expulsion of a fraction of 
lower molecular weight SAA block copolymer chains from SEO micelles. This 
incomplete mixing of two block copolymers may be attributed to the 
electrostatic repulsion among the deprotonated PAA chains resulting in 
destabilization of micelles.[32] Upon increasing the PANI concentration to 
[ANI]/[AA] = 0.3, vesicles were observed as the only morphology. Here, PANI 
behaves as a polybase that can neutralize negatively charged PAA chains and 
forms electrostatic complexes. This diminishes electrostatic repulsion among 
PAA chains via masking the negatively charged acrylic acid groups and favours 
mixing of block copolymers to form large vesicles. In addition, the decrease in 
intercoronal chain repulsion results in an increase in chain aggregation leading 
to the morphology transformation from micelles to vesicles.[33] For these 
vesicles, a broad size distribution can be observed from DLS measurement may 
be due to uneven mixing of the components to form vesicles of different sizes. 
In addition to vesicles, compound vesicles were observed at [ANI]/[AA] = 0.5. 
The complexation of PANI with inter/intra coronal PAA chains may be the 
reason for fusion of vesicles to form compound vesicles. These compound 
vesicles were transformed into irregular aggregates at higher PANI 
concentrations. Aggregation of PANI at its higher concentration may be the 
reason for the formation of irregular aggregates. To further examine the self-
assembly of these PANI complexes, two-step water addition method was 
employed. 
Greater equilibration time was allowed for effective complexation in 2SA 
method in addition to sequential addition of the components. The initial 6 wt % 
water addition to SAA/PANI mixture and stirring for 12 hours ensures complex 
formation before inducing aggregation. This may help in internal segregation of 
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SAA/PANI complex while aggregation is induced via addition of SEO followed 
by deionized water. At lower PANI contents, compound vesicles with minute 
compartments were observed. But the size of these compartments seems to grow 
with increasing PANI concentration can be visualized from TEM images in 
Figure 6.5. As previously reported, the size of vesicles formed from a block 
copolymer containing charged block such as PAA can be tuned via adding 
additives such as sodium chloride, hydrochloric acid, or sodium hydroxide.[34] 
Similarly, in this study, the size of vesicles formed from the SAA block 
copolymers increases with increasing PANI content. Here, PANI forms complex 
with PAA chains thereby neutralizes the negative charge on PAA and reduces 
steric repulsion among corona of the vesicles thereby increasing the radius of 
curvature. This increases aggregation number and leads to increase in size of 
these vesicles. Large compound vesicles can be observed at [ANI]/[AA] = 0.3 
and their size increase with respect to PANI concentration can be observed from 
TEM and AFM images (Figure 6.5).  
The initial water addition to SAA/PANI in 2SA method may help in binding 
vesicles together due to corona crosslinking by PANI thereby facilitating fusion 
of vesicle walls leading to the formation of LCV’s. The formation of compound 
vesicle is generally governed by attractive and repulsive forces between the 
vesicles.[35] Here, the possible repulsive forces between vesicles may be the 
hydration forces arise fURm hydrated PAA and electrostatic forces from 
dissociated PAA chains. However, the electrostatic forces are masked by PANI, 
but the repulsive hydration forces due to hydrated PAA chains may exist. These 
repulsive forces can be overcome by attractive hydrophobic forces that exist 
between vesicle walls made of hydrophobic blocks[36] and crosslinking 
between coronal chains due to PANI. Both SEO and SAA block copolymer 
shares PS blocks to form hydrophobic part of the LCV’s. The higher molecular 
weight PEO block copolymer with longer PEO blocks are believed to segregate 
to the periphery of the LCV’s and the shorter PAA blocks of SAA to the interior 
of the vesicles.[34] It is interesting to note that the compound vesicles were 
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observed even at low PANI concentrations ([ANI]/[AA] = 0.1) in 2SA method 
unlike in 1SA method observed at concentrations greater than [ANI]/[AA] = 0.5. 
This may be due to the formation of SAA/PANI vesicles promoted by chain 
segregation in the first step of water addition. The overall schematic 
representation of morphology evolution from micelles to LCV’s is shown in 
Figure 6.8.  
Figure 6.8 Schematic representation of morphology evolution in 
complexes of SAA, SEO and PANI. 
6.5 Conclusions 
A facile method of LCV’s through electrostatic complexation of 
polyaniline with amphiphilic block copolymer was presented in this study. 
Amphiphilic block copolymers PS-b-PAA and PS-b-PEO along with PANI 
homopolymer were used to study the morphology evolution at various 
polyaniline concentrations in aqueous solution. Spherical micelles were the only 
morphology observed for pure block copolymers. During complexation, a fixed 
composition of block copolymers PS-b-PAA and PS-b-PEO were used with 
various PANI concentrations ([ANI]/[AA]) ranging from 0.1 to 0.7. In 1SA 
method, micelles were transformed into vesicles and irregular aggregates upon 
increasing PANI content. In order to facilitate intravesicular segregation of 
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block copolymers in a binary block copolymer system, 2SA method was 
devised. In this method, morphology transition from vesicles to LCV’s were 
observed upon increasing PANI concentration from 0.1 to 0.7. This study 
provides a straight forward method to prepare LCV’s via controlled kinetic 
pathway from block copolymer/homopolymer complexes in aqueous solution. 
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Chapter Seven
7 Self-Assembled Multimicellar Vesicles via 
Complexation of a Rigid Conjugated Polymer 
with Amphiphilic Block Copolymer 
(This chapter is reproduced from the article: Palanisamy, A. and Q. Guo, RSC 
Advances (2014), 4, 54752-54759. Reprinted with permission from The Royal 
Society of Chemistry, Copyright 2014.) 
7.1 Abstract 
A viable method of encapsulating block copolymer micelles inside 
vesicles using a conjugated polymer is reported in this study. Self-assembly 
and complexation between aQ amphiphilic block copolymer poly(methyl 
methacrylate)-b-poly(acrylic acid) (PMMA-b-PAA) and a rod-like conjugated 
polymer polyaniline (PANI) in aqueous solution were studied using 
transmission electron microscopy, atomic force microscopy and dynamic light 
scattering. The complexation and morphology transformation were driven by 
electrostatic interaction between PANI and PAA block of the block copolymer. 
Addition of PANI to PMMA-b-PAA induced the morphology transformation 
from micelles to irregular vesicles through vesicles, thick-walled vesicles 
(TWVs) and multimicellar vesicles (MMVs). Among observed morphologies, 
MMVs were observed for the first time. Morphology transformation was studied 
as a function of aniline/acrylic acid molar ratios ([ANI]/[AA]). Micelles were 
observed for pure block copolymer, while vesicles and TWVs were observed at 
[ANI]/[AA] = 0.1, 0.3 respectively. MMVs were observed at [ANI]/[AA] = 0.5 
and irregular vesicles observed for molar ratios at 0.7 and above. Clearly, a 
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conjugated polymer like polyaniline can induce the morphology transformation 
even at its lower concentrations and produce complex morphologies. 
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7.2 Introduction 
Amphiphilic block copolymers self-assemble into a variety of 
morphologies in aqueous media or mixed organic solvents depending on their 
composition and architecture.[1] Potential applications of these self-assembled 
systems in various fields, such as cosmetics, biomedicine, chemical process, 
catalysis, agro-chemicals[2-5] demands morphology control, as their bulk 
physical properties depend on molecular assemblies. Advanced polymerization 
techniques such as anionic or living radical polymerization were used to 
synthesize block copolymers of complex molecular architectures to tune their 
self-assembly.[6] For instance, Eri Yoshida have studied polymerization-
induced self-assembly of an amphiphilic random block copolymer (poly(methyl 
methacrylate)-b-poly(methyl methacrylate-random-methacrylic acid)) in 
aqueous methanol solution.[7, 8] Various morphologies including giant vesicles 
were observed upon changing the hydrophobic-hydrophilic ratio,[9] and detailed 
mechanism of morphology transformation were also reported.[10]      In parallel 
to these synthetic methods, morphology control has also been achieved through 
polymer complexation via non-covalent interactions,[11] varying solution 
conditions,[12] and adding ions[13]. Through judicious selection of polymer 
components, non-covalent interactions such as hydrogen bonding,[14] metal 
coordination[15] can be utilized to produce polymer complexes leading to 
various morphologies and bypass the need to synthesize a specific block 
copolymer each time. 
Inspired from biological macromolecular assemblies, hydrogen 
bonding[16-18] in combination with ionic interaction, Van der Waals interaction 
and hydrophobic interaction were explored for polymer complexation studies. 
For flexible coil-like copolymer/homopolymer, copolymer/copolymer 
complexes, a sophisticated control over the morphology have been demonstrated 
both in bulk5, [16] and in solution.[19] However, the complexation and self-
assembly behaviour of flexible copolymers with rod-like homopolymers need to 
be explored. Unlike traditional coil type polymers, rod-like polymers aggregate 
into liquid-crystalline domains and produce distinctly different 
morphologies.[20] Most of the natural or synthetic materials such as helical 
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proteins, polysaccharides, microtubules, polyamides, polyisocyanates, etc. 
adopt self-assembled rigid chain conformations to be a functional structure.[21] 
Incorporation of these rigid polymers into flexible block copolymer through 
complexation may exhibit rich self-assembly behaviour. 
Conducting polymers are blended with flexible polyelectrolytes to 
overcome their inherent disadvantages such as rigidity and solubility.[22] 
Heteroatomic conducting polymers such as polypyrrole (PPY), polyaniline 
(PANI), poly (3, 4-ethylenedioxythiophene) (PEDOT) etc. can form 
interpolyelectrolyte complexes (IPECs) with homopolymers or block 
copolymers in solution.[23] These blending components carry oppositely 
charged sequences that interact via electrostatic interaction to form IPECs. 
PANI/polyelectrolyte complexes have been extensively studied due to their ease 
of synthesis, facile redox and pH switching behaviour, high environmental 
stability and potential applications. Semi oxidized PANI emeraldine base 
(PANI-EB) was the most useful and soluble form of polyaniline studied for 
complexation with polyacid. Rubner and co-workers prepared electrically 
conductive multi-layered thin films by exploiting the electrostatic interaction 
between PANI-EB and polyelectrolytes.[24] Tripathy and co-workers reported 
helical conformation of PANI in presence of DNA as polyelectrolyte template 
to form an intermolecular complex. The unique DNA/PANI complex has been 
used to reversibly control the conformation of DNA double helix.[25] 
Amphiphilic block copolymers containing an anionic polyelectrolyte block and 
a neutral hydrophobic block has been used as micellar templates for preparing 
conducting polymer nanoparticles in an aqueous medium or in mixed solvents. 
Morphology of these nanoparticles was dictated via block copolymer micelles 
as templates.[22]  
 More complex and fascinating nanostructures have been prepared in 
dilute solution using conducting polymer as one of the self-assembling 
components. Mathieu and co-workers identified self-assembled chiral 
supramolecular structures via electrostatic binding of DNA and conjugated 
polymer.[26] Solution self-assembly of rod-coil block copolymers yielded 
helical superstructures[27], spherical, rod-like[28] and fibre-like micelles.[29] 
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Formation of liquid-crystalline domains in conjugated polymers due to π-π 
stacking interaction provides unique self-assembly behaviour. For instance, 
spherical micelles and thin-layered vesicular aggregates were observed in an 
oligoaniline containing triblock copolymer.[30] Typically, studies involving 
PANI/block copolymer complexes addressed PANI solubility, conductivity and 
processability issues in solid state.[31, 32] Up to now, the self-assembly and 
morphology of PANI/block copolymer complexes in a selective solvent still 
remain unexplored. 
 Herein we report the aggregate morphologies of IPECs formed between 
block copolymer poly(methyl methacrylate)-block-poly(acrylic acid) (PMMA-
b-PAA) and homopolymer polyaniline (PANI) in an aqueous milieu. The block 
copolymer can readily self-assemble into nanostructures in aqueous solution 
owing to hydrophobicity of PMMA block and hydrophilicity of PAA block. 
Electrostatic interaction between PANI and PAA block was accounted for 
morphology change in self-assembled aggregates at various [ANI]/[AA] molar 
ratios. A similar work has been reported by Dmitry et al. on formation of water-
soluble micellar IPECs from flexible amphiphilic block 
copolymer/homopolymer mixture.[33] However, we have used a rigid-rod 
conjugated homopolymer to form IPECs with a flexible block copolymer, and 
in addition, morphology evolution have been systematically investigated at 
various compositions and studied using transmission electron microscopy 
(TEM), atomic force microscopy (AFM), dynamic light scattering (DLS), 
Fourier transform infrared spectroscopy (FTIR) and UV-visible spectroscopic 
techniques. Spherical micelles, vesicles, thick-walled vesicles (TWVs), 
multimicellar vesicles (MMVs) and irregular vesicles were observed at different 
compositions. A simple and viable method of preparing compartmentalized 
vesicles using conjugated polymer is introduced in this study. Compartmental 
vesicles and micelles have gained attention in recent years due its potential 
applications in various areas.[34] 
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7.3 Experimental section 
7.3.1 Materials 
Polyaniline emeraldine base (PANI-EB) and polyacrylic acid (PAA) were 
purchased with an average molecular weight Mw of 5000 and 10000 from 
Aldrich Chemical Co., Inc. respectively. The block copolymer PMMA-b-PAA 
with Mn (PMMA) = 41000, Mn (PAA) = 10000 and Mw/Mn = 1.20 was 
purchased from Polymer Source, Inc. All the polymers were used as received. 
Reagents were of analytical grade and used without further purification.  
7.3.2 Transmission Electron Microscopy (TEM) 
TEM experiments were performed on a JEOL JEM-2100 transmission 
electron microscope operating at an acceleration voltage of 100 KV. Aqueous 
solution of complex aggregates was deposited onto a carbon coated copper EM 
grid, after one minute, excess solution was removed using a piece of filter paper. 
Then, copper grids were dried at room temperature and negative staining 
performed using a 1% (w/v) aqueous uranyl acetate solution. The samples 
containing PANI were vapour stained using osmium tetroxide (OsO4) in 
addition to uranyl acetate staining.  
7.3.3 Atomic Force Microscopy (AFM)  
The AFM measurements of complex aggregates were performed on a 
Bruker MultimodeTM 8 SPM instrument. Thin film of samples was prepared by 
casting aqueous solution of complexes on a silicon substrate using a spin coater 
at 3000 rpm followed by drying at room temperature. The sample surface was 
probed using a silicon cantilever (spring constant of 42 N/m) in tapping mode at 
room temperature. The height images were recorded and analyzed using 
NanoScope Analysis software.  
7.3.4 Dynamic Light Scattering (DLS) 
The hydrodynamic diameter of IPECs was measured on a Malvern 
Zetasizer Nano ZS spectrometer equipped with 633 nm He-Ne laser. The 
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measurements were performed at 25 °C with a detection angle of 173°. The 
scattering intensity autocorrelation functions from the digital correlator were 
analyzed using Cumulant method to derive size and size distribution of complex 
aggregates.  
7.3.5 Fourier Transform Infrared (FTIR) Spectroscopy 
The FTIR spectra of the samples were recorded using a Bruker Vertex-70 
FTIR spectrometer. The samples were dried in vacuum for 48 hours, grounded 
with KBr and prepared into disks. The FTIR measurements were performed in 
a moisture free condition by the average of 32 scans in the standard wavenumber 
range 600-4000 cm-1 at a resolution of 4 cm-1. 
7.3.6 UV-visible spectroscopy 
The UV-visible spectra were recorded using a Varian Cary UV-visible 
spectrophotometer in the wavelength range of 300-800 nm. The aqueous 
solutions of polymer complexes were used to record the absorption spectra.  
7.4 Results and discussion 
7.4.1 Interpolyelectrolyte complexes 
Block polyelectrolytes with charged hydrophilic block and neutral 
hydrophobic block can self-assemble into various core-shell-corona structures 
in an aqueous milieu. Adding an oppositely charged homopolymer to a block 
polyelectrolyte can form self-assembled water soluble complex species. The 
insoluble neutral block forms core, while the IPEC forms the shell. The whole 
structure is solubilized in water by the shell forming polyelectrolyte block that 
does not involve in complexation. Since IPECs are formed via electrostatic 
interaction between oppositely charged species, these aggregates are sensitive 
for pH, temperature, solvent composition and ionic strength of the medium.[35] 
In this study, both the block copolymer PMMA-b-PAA and homopolymer 
PANI were dissolved separately in a common solvent tetrahydrofuran (THF) to 
obtain 0.5% (w/v) and 0.1% (w/v) polymer solutions respectively. PANI 
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solution was sonicated for one-hour post stirring to aid complete dissolution. 
Polymer solutions were filtered using 0.45 μm nylon filters to remove any 
residues if present. Then PANI-THF solution was added drop wise into PMMA-
b-PAA solution at predetermined compositions to prepare IPECs. The 
compositions were expressed as molar ratio of polyaniline concentrations to the 
concentration of poly(acrylic acid) ([ANI]/[AA]) ranging from 0.1 to 0.7 and the 
corresponding weight ratios ranging from 0.02 to 0.16. Then deionized water 
was added drop wise up to 29 wt % into these complexes under stirring condition 
to induce aggregation. After 12 hours of continuous stirring, water addition 
continued till 50 wt %, and complexes were quenched by adding excess water 
(70 wt %). Finally, the complex aggregates were dialyzed against deionized 
water for 72 hours to remove the common solvent THF. As prepared IPECs were 
used for further experiments. 
The PMMA-b-PAA/PANI compositions used in this study were chosen 
based on the solubility of PAA/PANI homopolymer complexes in water. To 
estimate the solubility, PAA homopolymer of similar molecular weight to that 
of the PAA block of PMMA-b-PAA and PANI were dissolved in THF 
individually. Mixtures of various molar ratios of aniline to acrylic acid ranging 
from 0.1 to 2 were prepared and transferred into water via dialysis. The 
PANI/PAA complexes with [ANI]/[AA] compositions less than 0.8 were stable, 
while macroscopic aggregation was observed for compositions greater than 0.8. 
Macroscopic aggregation was visually confirmed and also using DLS method, 
which implies, the complexes are stabilized at lower PANI concentrations by 
the fraction free PAA chains dissolved in water. At higher PANI concentrations, 
the PAA chains may be collapsed to form macroscopic precipitates due to 
limited solubility in water. Hence, [ANI]/[AA] compositions less than 0.8 were 
used to study the self-assembly behaviour of PMMA-b-PAA/PANI complexes. 
Here, the homopolymer PANI acquires a positive charge due to 
protonation in acidic medium and forms complex with PAA block of the block 
copolymer (Figure 7.1). Meanwhile, PAA is a weak acid with a lower degree of 
ionization, and its dissociation is further limited in low dielectric solvent such 
as THF[36]. Addition of PANI to this block copolymer/THF solution may not 
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induce effective complexation. Thus, addition of water to this block 
copolymer/PANI mixture plays two important roles: a) acts as a poor solvent for 
PMMA and trigger aggregation, b) induce complexation via ionizing PAA 
thereby protonating PANI. 
 
Figure 7.1 Schematic representation of electrostatic interaction between 
PMMA-b-PAA and PANI. 
 
Complete protonation of PANI is essential for an effective complexation, 
which in turn depends on the amount of deionized water in the system and hence 
the morphology. The bluish green coloured solution observed at 29 wt % water 
content transformed into dark green solution at 50 wt % water content (Figure 
7.4). Experiments were performed at fixed 50 wt % water content, and their 
aggregate morphologies were studied at different block 
copolymer/homopolymer compositions. Formation of these complex aggregates 
resulted in a turbid solution. Furthermore, in pure PMMA-b-PAA block 
copolymer, a mild decrease in pH (from pH 5.1 to pH 4.7) was noticed upon 
increasing water content up to 50 wt %. This may be due to increase in PAA 
dissociation with increasing water content. In case of PANI/PMMA-b-PAA 
complexes, a decrease followed by increase in pH was observed may be due to 
neutralization of PAA blocks by PANI base. 
7.4.2 Electrostatic interaction 
The complexation between PANI and PMMA-b-PAA was due to 
electrostatic interaction between carboxylic acid groups (-COOH) of PAA and 
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imine (=N-) groups of PANI. The imine sites of PANI are protonated in the 
acidic medium i.e. PANI-EB was oxidized to emeraldine salt form to acquire a 
positive charge on its backbone that induce attraction with negatively charged 
carboxylic acid groups.[22] A bathochromic shift of the absorption bands i.e. a 
shift towards higher wavelength was observed for complexes in UV-visible 
spectrum as a result of extended conjugation due to protonation (Figure 7.2). 
 
Figure 7.2 UV-visible spectra of PMMA-b-PAA, PANI in THF and 
PANI/PMMA-b-PAA complexes at [ANI]/[AA] = 0, 0.1, 0.3, 0.5, 0.7 in 
water. 
For PANI-EB, the characteristic peak for π-π* electronic transition of the 
benzenoid segments and the exciton absorption band were observed at 320 nm 
and 590 nm respectively.[37] The doped or protonated form of PANI after 
complexation shows π-π* absorption band around 320 nm, a new polaron band 
around 440 nm and a bipolaron band around 800 nm (Figure 7.2). The complete 
protonation of PANI can be evidenced from the disappearance of exciton band 
and appearance of polaron and bipolaron bands at higher wavelengths. These 
absorption bands are identical to that of emeraldine salt (oxidized) form of 
PANI.[38] At water contents less than 50 wt %, the solution appeared bluish 
green colour may be due to partial protonation of PANI. Figure 7.3 shows the 
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UV-visible spectra of PANI and PANI/PMMA-b-PAA complexes at different 
[ANI]/[AA] molar ratios at 29 wt % water content. In addition to polaron and 
bipolaron bands at 440 nm and 800 nm, benzenoid and exciton bands at 320 nm 
and 590 nm were also observed respectively as result of partial protonation of 
PANI.  
 
Figure 7.3 UV-visible spectra of PANI/THF and PANI/PMMA-b-PAA 
complexes in THF/water solution at 29 wt % water content. 
Furthermore, a visual indication of colour change from blue (Figure 7.4a) 
for PANI-EB to dark green (Figure 7.4c) for PANI/PMMA-b-PAA has been 
observed. Aggregation of pure block copolymer in absence of PANI resulted in 
a white turbid solution (Figure 7.4b). 
 
 
 
 
 
 
 
 
138 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4 Photographs of a) PANI-EB in THF, b) PMMA-b-PAA 
aggregates and c) PANI/PMMA-b-PAA complexes in water. 
The electrostatic complexation between PANI and PAA was analyzed by 
FTIR spectroscopy. The C-O, C=O stretching bands in PAA and –C=N, C=C 
stretching bands in PANI are particularly sensitive for ionic bonding during 
complexation. For pure PMMA-b-PAA block copolymer, the intense and broad 
band at 1735 cm-1 represents C=O stretching in PAA overlapped with PMMA 
carbonyl groups. The broadening of carbonyl stretching may be attributed to the 
presence of inter/intramolecular hydrogen bonding (OH·····O-C) and free 
carbonyl groups. The C-O stretching was observed at 1389 cm-1 as a weak band. 
After complexation, bands corresponding to C=O and C-O were shifted to lower 
wavenumbers, namely 1730 cm-1 and 1386 cm-1 for [ANI]/[AA] = 0.7 due to 
ionic bonding[39] (Figure 7.5). Here, the C=O stretching bands appear to be 
sharp and intense due to increasing in free carbonyl groups after complexation. 
Kanis et al.[40] reported similar behaviour for PEO/Carbopol blends and Akiba 
et al.[41] for P(S-co-MAA)/PEG blends. In pure PANI, the –C=N stretching 
bands of quinoid rings and C=C stretching bands of benzenoid rings observed at 
1595 cm-1 and 1504 cm-1 were found to shifted to 1592 cm-1  and 1497 cm-1 
(Figure 7.5) respectively after complexation.[42]  
a) b) c) 
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Figure 7.5 FTIR spectra showing the carbonyl stretching region of 
PMMA-b-PAA along with PANI and PANI/PMMA-b-PAA complexes. 
 
7.4.3 Morphology of PANI/PMMA-b-PAA complexes in water 
Block copolymers self-assemble into various morphologies in block 
selective solvents. Morphologies of these self-assembled aggregates are proven 
to depend on various factors such as polymer architecture, solvent compositions, 
additives, etc. Various additives from small molecules to flexible coil like 
homopolymers were selectively complexed with block copolymers and 
morphology transformations were studied.[33] In this study, PMMA-b-PAA 
block copolymer self-assembly in aqueous solution in the presence of a 
hydrophobic rod-like homopolymer PANI was reported. The water content 
during complex preparation was fixed at 50 wt % at which complete 
complexation was proven by UV-visible spectroscopy.  
The morphologies of the aggregates were characterized using TEM and 
AFM measurements. Figure 7.6a and b shows the AFM and TEM images of 
spherical micellar aggregates prepared from pure PMMA-b-PAA block 
copolymer respectively. The hydrophobic PMMA block precipitates as core 
while the water soluble PAA block forms corona upon water addition to 
THF/polymer solution. The morphology of self-assembled aggregates at 
particular water content depends on the degree of polymerization of the 
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individual blocks, nature of the common solvent, presence of additives and 
polymer concentration. Here, the length of water soluble PAA block in PMMA-
b-PAA block copolymer was long enough (mole fraction of PAA = 21.9%), 
which led to formation spherical micelles.[43] Figure 7.6a shows AFM height 
image of PMMA-b-PAA micelles as spherical structures with uniform size 
distribution. The hydrodynamic diameter (Dh) measured using DLS 
measurements shows a narrow peak with an average diameter of 49 nm (Figure 
7.6c). In addition to AFM and DLS results, the TEM images (Figure 7.6b) also 
shows spherical micelles of uniform size. The coronal PAA chains of micelles 
in TEM images appear dark due to uranyl acetate negative staining, while the 
higher electron transmission areas in the centre denotes PMMA core. Spherical 
micelles were the only observed morphology for pure block copolymer in 
aqueous solution.  
 
Figure 7.6 (a) AFM image and (b) TEM image of micelles, along with (c) 
hydrodynamic diameter (Dh) of PMMA-b-PAA block copolymer in water. 
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The morphology transformation was studied upon increasing PANI 
content. At very low PANI contents, i.e., at [ANI]/[AA] < 0.1, no change in 
morphology was observed. PANI may be adsorbed onto the coronal chains, but 
failed to tune the intrinsic self-assembling properties of the block copolymer 
owing to its lower concentration. Upon further increasing PANI content, Figure 
7 - 9 shows morphology transformation of aggregates from micelles to irregular 
vesicles through various intricate morphologies. PANI complexation with PAA 
through electrostatic interaction produced the morphology change with the 
change in the composition.  
Figure 7.7 shows the morphology of self-assembled complexes at molar 
ratio of complexing units [ANI]/[AA] = 0.1. Vesicles were found to co-exist 
with micelles at this molar ratio. The AFM image (Figure 7.7a) shows ring-like 
structures along with spherical dots that can be correlated to vesicles and 
micelles respectively. It implies that, fraction of PMMA-b-PAA block 
copolymer complexed with hydrophobic PANI self-assembled into vesicles as 
the block composition was altered. We assume that, hydrophobic PMMA chains 
form vesicle wall while the water soluble PAA chains form inner and outer 
corona. The PAA/PANI complex may be trapped at the core-solvent interface. 
In TEM image (Figure 7.7b), the vesicle wall is transparent for electrons, while 
coronal chains appears dark due to staining. It can be noticed that these vesicles 
possess thin walls with larger cavity size. This behaviour was consistent with 
previous studies showing larger cavity size for polymer containing longer 
hydrophilic block.[44] The average wall thickness was measured to be 
approximately 22±2 nm and 25±3 nm from AFM and TEM images respectively. 
Two distinct narrow peaks at 43 nm and 220 nm in DLS measurement can be 
correlated to the Dh of micelles and vesicles respectively. Two distinct peaks 
give a clear indication of coexistence of homogeneous populations of micelles 
and vesicles (Figure 7.7c). 
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Figure 7.7 (a) AFM image and (b) TEM image of coexisted micelles and 
vesicles, along with (c) hydrodynamic diameter (Dh) at [ANI]/[AA] = 0.1 
in water. 
Even at higher PANI content [ANI]/[AA] = 0.3, micelles started sticking 
onto inner corona of the vesicles as seen in AFM and TEM images (Figure 7.8a, 
b). In addition, the vesicles show an increase in size and wall thickness, hence 
the name thick walled vesicles (TWVs). An increase in overall wall thickness 
can be noticed from AFM (~ 40±3 nm) and TEM (~ 46±3 nm) images. The AFM 
image shows a broad size distribution of vesicles with micelles appearing in the 
inner rim of vesicle walls. PANI complexes can be seen as gradient dark rings 
in TEM image as OsO4 stain attacks the amide bonds in PANI and gives higher 
contrast (Figure 7.8b).[45] A distinct population of micelles were absent in both 
AFM and TEM images, which is confirmed from a single broad peak observed 
(at 232 nm) in DLS measurement (Figure 7.8c).  
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Figure 7.8 (a) AFM image and (b) TEM image of thick walled vesicles 
(TWVs), along with (c) hydrodynamic diameter (Dh) at [ANI]/[AA] = 0.3 
in water. 
Further increasing PANI content to [ANI]/[AA] = 0.5, micelles are found 
to be entrapped inside the vesicles resulting in a new morphology of MMVs. 
The entrapment efficiency is found to be much pronounced at higher water 
contents (>29 wt %) may be due to efficient complexation. Figure 7.9a shows 
the AFM height image of multimicellar vesicles, where spherical micelles are 
encapsulated inside the ring like vesicle wall. In TEM image, micelles coated 
with PANI appears as dark spheres inside the vesicles (Figure 7.9b). Here, PANI 
may act as bridging units between micelles through electrostatic complexation 
among the coronal chains leading to a compound vesicle. Compared to TWVs, 
MMVs exhibit a narrow DLS peak indicating a narrow size distribution as 
evidenced from TEM and AFM images. From DLS measurement, the average 
size (Dh) of vesicles was 396 nm showing an enormous increase in vesicle size.  
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Figure 7.9 (a) AFM image and (b) TEM image of multimicellar vesicles 
(MMVs), along with (c) hydrodynamic diameter (Dh) at [ANI]/[AA] = 0.5 
in water. 
At [ANI]/[AA] = 0.7 and higher PANI contents, the complex aggregates 
started forming macroscopic precipitates in aqueous solution. Precipitation may 
be due to vesicle aggregation as the solvent (water) is unfavourable for 
hydrophobic PANI component. This condition drove formation of irregular 
vesicles along with PANI clusters can be observed from the AFM and TEM 
images (Figure 7.10a, b). A broad bimodal DLS peak centring on 352 nm 
denotes inhomogeneous hydrodynamic size distribution of vesicles (Figure 
7.10c).     
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Figure 7.10 (a) AFM image and (b) TEM image of irregular vesicles, along 
with (c) hydrodynamic diameter (Dh) at [ANI]/[AA] = 0.7 in water. 
7.4.4 Morphology transformation of aggregates 
Block copolymers can self-assemble into various morphologies in solution 
depending on the polymer composition and distinct interaction with additives 
and solvents. Secondary interactions such as electrostatic interaction and 
hydrophobic interaction can be exploited to tune the morphology of self-
assembled aggregates through complexation.[35] In this study, electrostatic 
interaction between PAA and PANI tunes morphology of aggregates at various 
molar ratios which is entirely different fURm the morphologies observed for 
pure block copolymer. Since ionization of weak polyacid such as PAA is 
sensitive to solvent composition, experiments were performed at 50 wt % 
water content where protonation of PANI was complete.   
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The schematic diagram in Figure 7.11 shows the morphology 
transformation at various PANI contents as observed in TEM and AFM images. 
The equilibrium morphology of any self-assembled block copolymers in 
solution depend on three contributions to the free energy of the system: core 
chain stretching, core-solvent interaction and inter coronal repulsion.[46] For 
amphiphilic block copolymers, the equilibrium morphology depends on 
hydrophilic/hydrophobic ratio ‘f’ that directly affects free energy contributions 
of the system. Eisenberg et al. reported formation of spherical micelles in 
amphiphilic block copolymers when the mole percentage of hydrophilic block 
is ≥ 9.5.[36] PMMA-b-PAA block copolymer used in this study with PAA mole 
percent 21.9 resulted in spherical micelles as expected. Water addition to 
polymer/THF solution resulted in PMMA precipitation to form micellar core, 
while the water soluble PAA forms corona. Upon adding PANI to PMMA-b-
PAA, vesicles were formed along with micelles at [ANI]/[AA] = 0.1. Similar 
behaviour was reported in surfactant containing block copolymer system where 
mixed morphologies were observed at various surfactant contents.[47] Due to 
PANI/PAA complexation, PANI may reduce the intercoronal repulsion among 
partially ionized PAA chains due to shielding of electric charges. This situation 
is similar to a reduction in PAA chain length which may lead to increase in 
aggregation number Nagg and core chain stretching in order to decrease the 
interfacial energy between the core and the solvent. For block copolymers with 
relatively long hydrophilic block like this, the intercoronal repulsion plays 
important role than the core chain stretching in determining final 
morphology.[13] In order to reduce the free energy of the system and avoid 
entropic penalty associated with PMMA chain stretching, the micellar 
aggregates may be transformed into vesicular structures with increased overall 
size. In addition to above-mentioned free energy contributions, rod-like 
conjugated polymers have entropic penalty associated with π-stacking[23] of 
polymer chains may control morphology of these aggregates. 
At [ANI]/[AA] = 0.3, thick walled vesicles (TWVs) were observed with 
increased overall size. Fraction of PAA chain undergone complexation with 
PANI may be segregated as inner corona, while free PAA chains with higher 
water solubility forms outer corona. The increase in PANI accumulation over 
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the core-solvent interface may be correlated to increase in vesicle wall thickness. 
Similar phenomenon was observed in block copolymer complexes through 
hydrogen bonding by Salim et al.[48] As seen from AFM and TEM micrographs 
(Figure 7.8a, b) higher PANI content inside vesicles facilitated PANI coated 
micelles to stick onto the inner coronal walls. The overall size and vesicle wall 
thickness seems to increase with increasing PANI content.  
 
 
 
 
 
 
 
 
 
Figure 7.11 Schematic representation of morphology transformation in 
PMMA-b-PAA/PANI complexes. a) PMMA-b-PAA micelles, b) coexistence 
of micelles and vesicles at [ANI]/[AA] = 0.1 and c) multimicellar vesicle at 
[ANI]/[AA] = 0.5. 
Multimicellar vesicles were observed at [ANI]/[AA] = 0.5. We assume 
that micelles with PANI saturated corona were trapped inside the vesicles during 
aggregation. As number of previous studies suggests,[49-51] complex structures 
can be observed through block copolymer self-assembly in presence of small 
molecules or homopolymers that have preferential interaction with one of the 
blocks of block copolymer. In the same vein, PANI having preferential 
interaction with PAA would help in bridging coronal chains of neighbouring 
micelles to from MMVs. In addition to bridging, PANI chains can stalk to form 
PANI bundles since aromatic units in PANI can stack via secondary forces and 
π interaction. These PANI bundles may help the formation of MMVs by sticking 
micelles together. In other words, preformed PANI/PAA complexes at this 
higher PANI content may have limited time for polymer chain rearrangement in 
the experimental time scale may have resulted in micelle entrapped vesicles. The 
corona repulsion among the PAA chains is diminished at higher PANI content, 
which flock micelles together and precipitate inside the vesicles. The free PAA 
PMMA-b-PAA 
a) b) c) 
PANI/PAA complex 
PANI PANI 
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chains can for hydrogen bonding with water, hence providing water solubility 
for the aggregates. At much higher PANI content [ANI]/[AA] = 0.7, irregular 
aggregates were observed presumably due to over saturation of PANI among the 
corona forming PAA chains that hinders solubility. The complexes started 
precipitating above [ANI]/[AA] = 0.5 as the hydrophobic PMAA and PANI 
content increases in solution. The PANI bundles formed in addition to 
complexes resulted in the formation of macroscopic aggregates. It can be 
concluded that, electrostatic interaction between PANI and PAA brought the 
morphology transformation in aggregates.  
7.5 Conclusions 
This study reports the self-assembly behaviour of PMMA-b-PAA block 
copolymer in the presence of a rigid rod homopolymer PANI. We have showed 
that morphology of self-assembled coil like block copolymer can be tuned via 
adding minor quantities of rigid homopolymer having specific interaction with 
either of the blocks of block copolymer. Morphology transformation at various 
PANI/PAA molar ratios was driven by electrostatic interaction between PANI 
and PAA block of the block copolymer. A variety of morphologies such as 
micelles, vesicles, thick-walled vesicles (TWVs), multimicellar vesicles 
(MMVs) and irregular vesicles were observed upon increasing [ANI]/[AA] from 
0.1 to 0.7. Micelle entrapped vesicles i.e. multimicellar vesicles; a new 
morphology was observed at [ANI]/[AA] = 0.5 through PANI complexation. 
This simple and effective way of micellar encapsulation may find interesting 
applications in nanotechnology.  
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Chapter Eight 
8 Conclusions and Future Works 
8.1 General conclusions 
 This research provides basic knowledge of the effect of rigid 
homopolymer PANI on the self-assembled morphology of various acidic 
diblock and triblock copolymers. Various combinations of block copolymers 
with PANI resulted in aggregates with various morphologies and physical 
properties. New solution processing methods for PANI containing block 
copolymer systems were introduced. Following are the key findings from this 
research with central focus on PANI, 
x In block copolymer systems with acidic corona forming blocks, the 
PANI exhibits bridging effect to produce multicompartmental 
nanostructures. Multimicellar vesicles were observed in PMMA-b-
PAA/PANI systems at a short window of compositions.  
x In block copolymers containing partially acidified core forming blocks, 
the membrane properties were tuned with increasing PANI concentration 
which led to formation of giant tubular and toroidal vesicles. The 
polyacid/PANI complex residing in the core corona interface was 
considered accountable for tuning the bilayer properties. 
x By using different water addition methods during aggregate preparation 
in polymer systems involving PANI, kinetic control of aggregation 
process have be achieved that led to formation of large compound 
vesicles which otherwise led to macroscopic aggregates.  
x The water insoluble rigid polymer PANI can form stable polymer 
complexes in aqueous solution at a narrow window of compositions 
when blended with block copolymers with polyacid blocks. The 
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judicious selection of block copolymers with right molecular weight, 
block composition and PANI concentration plays vital role in formation 
of stable aggregates in water.  
x The morphology of self-assembled block copolymer/PANI complexes 
can be controlled via adjusting pH in addition to composition. The PANI 
complexes are sensitive to pH change within pH 4 to 8. The viscosity of 
solution can be controlled via tuning the morphology of aggregates in 
the solution, where, solution with worm like micelles showing higher 
viscosity than the solution with spherical aggregates.   
x Incorporating conjugated polymers such as PANI into water soluble 
polymer aggregates through complexation technique eliminates the need 
for in situ synthesis and provides flexibility in tuning the morphology of 
aggregates. Morphology of aggregates can be tuned at relatively lower 
concentrations of rigid rod-like polymers due to their inherent properties 
when compared to coil-like polymers. 
8.2 Future research  
Block copolymer/PANI aggregates with various morphologies reported in 
this study deepens the understanding and knowledge in polymer complexation 
and self-assembly techniques in systems involving rigid polymers. PANI seems 
to alter the self-assembled morphology at its lower concentrations due to strong 
electrostatic interactions. Following the promising results from this study, 
following works can be done in this area, 
x Conjugated polymers other than PANI such as polypyrrole (PPY) and 
poly(3,4-ethylenedioxythiophene) (PEDOT) that could form 
interpolymer complexes through electrostatic interactions can be studied 
for morphology transformation in block copolymer systems.  
x As polymer complexes are sensitive for external stimulus such as 
temperature and ionic strength, PANI complexes can be studied by 
varying those parameters.  
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x To better understand the effect of PANI on the morphology of block 
copolymers at its higher concentrations, polyacid blocks with weak acids 
can be replaced with strong acidic groups such as sulphonic acid groups. 
Strong acids can form irreversible complexes and may have greater 
control over morphology tuning.  
x The exact location of PANI complexes and their homogeneity in the 
aggregates couldn’t be visualized in TEM and AFM images. Cryo-TEM 
technique or proper labelling of components with TEM contrast 
agents/fluorescent dyes may further improve basic understanding of 
these complexes.  
x With preliminary results from rheological measurements, further 
rheological experiments can be carried out to at different temperatures 
and ionic content to deepen the understanding about stability of these 
complexes.  
 
 
 
